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Due to their strength, elasticity, and durability, a variety of metal alloys are 
commonly used in medical implants. Traditionally, corrosion-resistant metals have 
been preferred. These permanent materials can cause negative systemic and local 
tissue effects in the long-term. Permanent stenting can lead to late-stent thrombosis 
and in-stent restenosis. Metallic pins and screws for fracture fixation can corrode 
and fail, cause loss of bone mass, and contribute to inflammation and pain at the 
implant site, requiring reintervention. Corrodible metallic implants have the 
potential to prevent many of these complications by providing transient support to 
the affected tissue, dissolving at a rate congruent with the healing of the tissue. 
Alloys of iron and manganese (FeMn) exhibit similar fatigue strength, toughness, 
and elasticity compared with 316L stainless steel, making them very attractive 
candidates for bioresorbable stents and temporary fracture fixation devices. Much 
attention in recent years has been given to creating alloys with ideal mechanical 
properties for various applications. Little work has been done on determining the 
xviii 
 
blood compatibility of these materials or on examining how their surfaces can be 
improved to improve cell adhesion, however. We examined thethrombogenic 
response of blood exposed to various resorbable ferrous stent materials through 
contact with porcine blood. The resorbable materials induced comparable or lower 
levels of several coagulation factors compared with 316L stainless steel. Little 
platelet adhesion was observed on any of the tested materials.  
Endothelialization is an important process after the implantation of a 
vascular stent, as it prevents damage to the vessel wall that can accelerate 
neointimal hyperplasia. Micromotion can lead to the formation of fibrous tissue 
surrounding an orthopedic implant, loosening, and ultimately failure of the implant. 
Nanoscale features were created on the surfaces of noble metal coatings, silicon, and 
bioabsorbable materials through ion beam irradiation in order to improve 
endothelialzation and bone cell adhesion. Gold, palladium, silicon, and iron 
manganese surfaces were patterned through ion beam irradiation using argon ions. 
The surface morphology of the samples was examined using atomic force 
microscopy (AFM) and scanning electron microscopy (SEM), while surface 
chemistry was examined through x-ray photoelectron spectroscopy (XPS) and 
contact angle goniometry measurements. It was not possible to create nanoscale 
surface features on the surfaces of the gold and palladium films. At near normal 
incidence, irradiation produced ripples on the surfaces of Si(100), while oblique 
incidence irradiation produced nanoislands in the presence of impurities on the 
surface. Iron manganese irradiation resulted in the formation of blade-shaped 
xix 
 
structures for ion energies between 500eV and 1000eV, and significant iron 
enrichment at the surface. 
 Chemical treatment can also be used to create surface features that will 
enhance cell adhesion. Ti6Al4V is one of the most commonly used alloys for 
permanent orthopedic devices. The creation of a porous surface in order to improve 
osteoblast adhesion was achieved through chemical etching using acid-peroxide 
solutions. While phosphoric acid etched the grain boundaries, sulfuric and nitric 
acid preferentially etched grains of particular orientations, creating a spongy, 
porous morphology that has the potential to aid in osseointegration. 
1 
 
CHAPTER 1 INTRODUCTION 
 
1.1  An Overview of Biomaterials 
A biomaterial is any material used to replace a tissue or function in vivo [1]. A 
biomaterial must be mechanically reliable, non-inflammatory, non-toxic, and non-
carcinogenic. Traditionally, biomaterials have also been required to be inert in the 
physiological environment. Metals have been used as biomaterials for centuries, but 
their efficacy was limited prior to the adoption of aseptic surgical technique, due to 
the prevalence of infection [2]. While corrosion resistant metals such as gold, silver, 
and platinum were used with some success, early steels corroded rapidly in vivo 
and caused inflammation [2]. Noble metals are not suitable for most load-bearing 
applications due to their relatively low strengths and high malleability, as well as 
their considerable expense. Noble metals are therefore generally only seen today in 
dental applications such as fillings, or for flexible non-load-bearing applications, 
such as platinum coils for cerebral aneurysm occlusion. 
 Today, biomaterials can be divided into three main classes. First generation 
biomaterials, which were used heavily in the 1950s and 1960s, took advantage of 
existing engineering alloys [1]. These materials were meant to be bioinert and were 
borrowed from the aerospace and construction industries; the materials used were 
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not designed purposely for use in biomedical implants. By the 1980s, between 2 and 
3 million prostheses had been implanted into Americans, made from about 40 
different materials [3].  
Second generation biomaterials, on the other hand, were designed to induce 
a particular tissue reaction and were introduced in the 1980s [1, 3]. These include 
bioactive glasses, biodegradable materials, and many other “active” materials [1]. 
Bioactive glasses are designed to create a strong bond with the surrounding bone 
tissue and induce osteoblast proliferation, thus preventing implant loosening, which 
is a persistent problem in many orthopedic applications [4]. Finally, third 
generation biomaterials have been introduced in order to stimulate and accelerate 
healing in damaged tissues by influencing cell behavior at the molecular level [1, 3, 
5]. These materials include, but are not limited to, nanostructured surfaces to 
influence cell differentiation in certain tissues, porous foams, and polymers that 
release ions and growth factors [3]. These three classes of biomaterials should be 
considered conceptual generations, rather than chronological. The development of 
first and second generation biomaterials continues to this day, as 3rd generation 
biomaterials are not intended to entirely replace them, but to provide treatments 
otherwise impossible with first and second generation biomaterials [5]. 
For a biomaterial to be considered viable, it must elicit “appropriate host 
responses” such as resistance to bacteria, resistance to abnormal blood clot 
formation, and normal tissue healing [1]. This biocompatibility must extend to the 
entire lifetime of the device; some devices have temporary contact with the 
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biological environment, such as a dialysis membrane or a urinary catheter, while 
others are permanent and must function appropriately for the remainder of the 
patient’s life, such as a joint replacement or a heart valve. As life expectancies 
increase, the viable lifetime of these permanent devices must increase with them. 
Biocompatibility originally referred only to the material serving its function in the 
body without causing damage to the surrounding tissue, but as 3rd generation 
biomaterials emerge, biocompatibility must now encompass specific interactions 
between the biomaterial and its host tissue [6]. 
 
1.2  Applications of Metallic Biomaterials 
While a large variety of materials is used in medical devices, metals provide 
the greatest mechanical strength and are preferred for structural applications. They 
also have excellent thermal and electrical conductivity. Metals are most commonly 
used in orthopedic and dental implants, but also have important applications for 
cardiovascular devices [1]. 
The following section describes the state of the art in metallic vascular 
implants and describes some of the issues associated with current designs. This 
section is followed by a section describing metallic orthopedic implants used in 






1.2.1 Vascular Implants 
Due to the frequency of vessel recoil following percutaneous transluminal 
coronary angioplasty (PTCA), it has become common practice for the surgeon to 
insert a stent in order to maintain vessel patency following the procedure. The 
stents currently used in clinical applications are composed of corrosion-resistant 
metals, with a few polymers used for specific applications [7].  
Bare metal stents (BMS) traditionally remain in the patient for the remainder 
of his or her life following PTCA. Because of this permanence, metallic stents can 
induce negative effects in the long-term, including late-stent thrombosis and in-
stent restenosis [7]. Late-stent thrombosis occurs months or even years after 
implantation of the stent. Prolonged anti-platelet therapy is generally administered 
in the form of drugs such as warfarin or other coumarins to prevent late-stent 
thrombosis. These medications can induce other negative side effects in many 
patients, however, and can react with other medications and the patient’s diet, 
particularly foods that contain high levels of vitamin K [8]. Long-term warfarin use 
is also associated with low bone density [8], and antithrombotic drugs increase the 
risk of bleeding [9]. In addition to the problem of thrombosis, in-stent restenosis is 
another major concern. The opposing force of the stent stimulates accelerated 
growth of the neointima, causing hyperplasia that results in narrowing and 
ultimately reocclusion of the vessel [7]. This problem can be combatted with special 
stents that are coated in an antiproliferative drug, known as drug-eluting stents 
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(DES). While DES have reduced neointimal hyperplasia in the long-term, the drugs 
used have been shown to increase the probability of late-stent thrombosis [7].  
In addition to these issues, the presence of a permanent stent may cause 
long-term occlusion or vessel injury in infants and children, as the vessel continues 
growing but the stent cannot continue to expand beyond its maximum diameter. 
Further, a permanent stent may jail side branches, preventing intervention at 
nearby lesion sites. 
 The most common alloys used in permanent stenting applications are 316L 
stainless steel, nitinol (NiTi), and cobalt chromium molybdenum (Co-Cr-Mo) alloys. 
Nitinol is a particularly attractive alloy for stenting applications due to its shape 
memory properties. Stents are traditionally expanded through balloon angioplasty 
(balloon expandable, BX). Nitinol stents, however, are self-expanding (SX), 
exploiting their shape memory properties [10]. The stent is fully expanded when the 
metal is in its austenite phase, and deformed and collapsed when it is at its lower 
temperature martensite phase [11]. During deployment, the SX stents are attached 
to the end of a catheter and are kept in the martensitic phase by flowing cold saline 
through the catheter as it is guided to the affected site [11]. Once the stent is in the 
correct position, it is removed from the catheter. As the stent reaches body 
temperature, the SX stent transitions to its austenite phase, returning to its original 





1.2.2 Orthopedic Implants 
 Traditionally, orthopedic implants are also composed of corrosion resistant 
metals and alloys due to their strength and fatigue durability compared with 
polymers and ceramics. In addition to structural integrity, an important factor in the 
long-term viability of an orthopedic implant is its elastic modulus. The elastic 
modulus of a load-bearing implant must be relatively low in order to prevent stress-
shielding and subsequent resorption of bone tissue. For this reason, titanium alloys 
are the most commonly used materials for joint replacements. The elastic modulus 
of Ti6Al4V is typically around 114 GPa [12], while stainless steel alloys typically 
feature moduli of over 200 GPa [12]. The modulus of bone varies from about 1-27 
GPa, so a lower modulus is ideal for orthopedic applications.  
 Metallic implants in skeletal repair date back to the ancient Egyptians and 
Etruscans [13]. Evidence of gold skeletal implants dating back to 2000 BC has been 
discovered in Peru [13]. The first structural metal used in orthopedic implants was 
vanadium steel, used in bone plates and screws [14]. Later, what is now known as 
316L stainless steel was developed, exhibiting superior corrosion resistance to 
“vanadium steel” [14]. Stainless steel today is only suitable for temporary fracture 
fixation devices, as the combination of oxygen depletion and high stresses in certain 
regions of the implant accelerates the corrosion of these alloys [14], and the 





1.3  Corrodible Implants 
When implanted in the physiological environment, all metals undergo some 
degree of chemical dissolution. Traditional metal implants are designed to minimize 
this dissolution. While there are several applications where a permanent device is 
required and thus a corrosion resistant metal is a necessity, there are other 
applications where the implant serves a transient function. Notable examples are 
cardiovascular stents and surgical pins and screws. Recently, researchers have 
sought to exploit the dissolution of metals in the physiological environment in order 
to create materials that will serve this transient function and degrade after the 
affected tissue has sufficiently healed. While several different corrodible metals and 
alloys have been considered, not all are suitable. A resorbable metal must not only 
degrade in an appropriate time frame, but also induce minimal inflammatory and 
thrombotic responses in the host. The following sections discuss various candidate 
materials for bioresorbable metallic bioimplants. 
 
1.3.1  Magnesium Implants 
Magnesium has shown considerable promise for use as an absorbable metal 
stent (AMS) material. Preliminary human trials for the treatment of critical limb 
ischemia with magnesium (>90%, alloyed with rare-earth elements) stents showed 
success in all 20 patients, with a 3-month clinical patency rate of 89.5% and a 12 
month patency rate of 72.4% [15, 16]. No toxicity was observed in any of the 
patients, and the limb salvage rate was 94.7% after one year [15]. Schranz et al. 
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implanted a magnesium alloy stent (AMS, Biotronik) into the aorta of a 3-week old 
male patient to treat recoarctation of the aorta [17]. Follow-up angiography 
revealed that the vessel had begun to return to its original damaged state upon 
degradation of the magnesium stent, requiring implantation of a second stent [17]. 
This suggests that the absorption rate of the magnesium alloy is too rapid to support 
the vessel for the duration of the healing process. In spite of the insertion of the 
second stent, the levels of magnesium in the patient’s blood were not elevated [17]. 
The Biotronik magnesium alloy stent was also tested in the Clinical Performance 
and Angiographic Results of Coronary Stenting with Absorbable Metal Stents trial 
[18]. The stent was completely absorbed within 2 months, with radial support lost 
possibly within days of implantation [18]. No deaths, thrombosis, or heart attacks 
were reported as a result of the stenting, but these stents were associated with a 
high restenosis rate [18]. This is likely due to their low radial strength and rapid 
degradation rate. Based on this information, it is clear that magnesium stents are 
relatively biocompatible, but their strength is too low and their resorption rate too 
rapid to prevent vessel recoil for the duration of the healing process. 
Heublein et al. implanted six magnesium alloy discs, 200 μm thick and 3 mm 
in diameter, subcutaneously into rats to assess the corrosion effects and 
inflammation due to these materials in vivo [19]. The material that produced the 
least detrimental effects, composed of 2% aluminum and 1% rare earth elements 
(Ce, Pr, Nd), was then implanted as a coronary stent into pigs [19]. No in-stent 
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thrombosis was detected in any of the pigs, while one pig died shortly after 
implantation due to unknown causes[19].  
Waksman et al. reported on the implantation of the PROGRESS-AMS 
magnesium stent from BIOTRONIK into 63 patients for the treatment of coronary 
lesions [20]. Ultrasound imaging showed that the stents degraded in about four 
months, with no adverse effects to the vessel wall, nor calcification observed [20]. 
Early recoil causes restenosis, therefore improving degradation profiles is necessary 
in order to make magnesium stents viable candidates for clinical intervention [20]. 
In 2005, Zartner et al. implanted a resorbable magnesium stent, consisting of 
less than 10% rare earth elements, into a 6-week old preterm baby, born at 26 
weeks gestation [21]. In an attempt to ligate the arterial duct, the left pulmonary 
artery was unintentionally ligated, resulting in respiratory failure and occlusion of 
the left pulmonary artery [21]. The left pulmonary artery was sharply bent, 
preventing angiography past the stenosis, so a resorbable magnesium stent was 
introduced to re-establish perfusion to the lung 15 days after the initial ligation [21]. 
Re-perfusion was established in the lung, and no toxicity due to the magnesium was 
observed [21]. In a follow-up paper, Zartner reported that the baby had contracted 
pneumonia and died 5 months later [22]. However, autopsy showed that the stent 
had completely resorbed with no traces and no necrosis had occurred [22]. The 
inner lumen diameter of the left pulmonary artery was 3.7 mm, indicating slight 
growth after implantation (from 3 mm), while the healthy right pulmonary artery 
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had a diameter of 7 mm [22]. Additional in vivo studies are necessary in order to 
determine whether this intervention is viable for clinical use.  
Even in vascular environments, magnesium forms hydrogen bubbles during the 
rapid degradation process and has a very short lifetime in vivo [23]. Because of this 
fast corrosion rate, the radial support may be lost too early, which can result in 
recoil and restenosis [20]. For these reasons, much work must yet be done on 
magnesium stents to determine the ideal alloy composition and stent geometry to 
ensure the degradation time is sufficient to support the vessel during healing, but 
rapid enough to prevent late-stent thrombosis and restenosis.  
 
1.3.2  Iron Implants 
Iron is an intriguing candidate for a resorbable metal stent as it is a corrodible 
material that is necessary in trace concentrations in the blood for proper oxygen 
transport, and is the fourth most abundant element in the earth’s crust. Peuster et 
al. first reported on the in vitro and in vivo degradation of pure iron stents in 2001 
[24].  
The NOR-I stent, which is composed of pure iron, was implanted into 16 rabbit 
aortas [24]. Despite the slow degradation rate (struts were still detected 18 months 
past implantation), there were no cases of thrombosis or death [24, 25]. However, 
the stents caused considerable damage to the tunica media [24, 25]. Another 
disadvantage of a pure iron stent is that its ferromagnetic nature hinders magnetic 
resonance MRI compatibility [26].  
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1.3.3  Zinc Implants 
Zinc has come to the attention of researchers in the last few years as a possible 
stent material due to its anti-inflammatory and anti-proliferative properties [27]. 
Zinc may be effective in reducing the risk of atherosclerosis, as it influences 
apoptosis of vascular endothelial cells [28]. Ren et al. found that the administration 
of zinc supplements to New Zealand White rabbits on a high cholesterol diet 
significantly reduced the size of atherosclerotic lesions compared with rabbits on a 
high cholesterol diet without zinc, and reduced the levels of Fe detected in the 
lesions [29]. This could potentially reduce the major problem of in-stent restenosis, 
which is one of the most common causes of stent failure [30]. It is believed that the 
zinc stabilizes the membrane of endothelial cells, preventing apoptosis [27]. In a 
recent study, Bowen et al. found that the cross-sectional area of pure zinc stent 
struts was reduced by >35% after 6 months of implantation in rat aortas [27]. 
Mechanical integrity of the stents must be maintained for approximately 4 months 
in order to facilitate vessel healing, and the zinc stent retained about 70% of its 
cross section at 4 months post-implantation [27]. While zinc has advantages in 
terms of antiatherogenic properties and degradation rate, it suffers from very low 
radial strength compared with other alloys [27]. The tensile strength of pure zinc is 
approximately 120 MPa, while a minimum of 300 MPa is desired to provide 
adequate support in a blood vessel [27]. In order to make zinc a viable stent 




1.3.4  Iron Manganese Implants 
 Due to its mechanical properties and its function in oxygen transport in 
blood, iron was chosen for the studies in this thesis as a base metal. Iron-manganese 
alloys have the potential to bridge the gap between pure iron’s slow degradation 
rates and pure magnesium’s rapid degradation, allowing for tailoring to the ideal 
degradation rate for a variety of implant applications [31]. Iron-manganese alloys 
containing more than 29 wt% Mn are completely austenitic and anti-ferromagnetic, 
which makes them more MRI compatible than 316L stainless steel [26, 31]. An alloy 
composed of Fe35Mn shows good ductility and a yield strength of up to 200 MPa 
[26]. Compared with pure iron, the Fe-35Mn alloy has a lower corrosion potential 
and a corrosion rate of almost three times that of pure iron [32]. Compared with 
316L, Fe35Mn alloy shows similar toughness and significantly greater tensile 
strength, suggesting these alloys would provide adequate radial support to the 
vessel [32]. Recent studies have shown that compositions even as low as 0.5 wt% 
Mn exhibit good mechanical properties and low toxicity [33]. In vivo results from 
subcutaneous FeMn implants in mice with alloy compositions between 0.5-6.9 wt% 
Mn showed little to no degradation after 9 months, however, which is believed to be 
caused by the formation of a passive phospate layer on the surface of these implants 
[33]. Preliminary in vitro studies on the endothelial attachment on Fe35Mn showed 
a 200% increase in attachment compared with that on 316L [34]. The degradation 
rate, biocompatibility, and mechanical properties of iron manganese alloys make 
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them an intriguing candidate for resorbable metal stents, but more research is still 
necessary to determine the utility of these materials for vascular interventions.  
 
1.4  Effects of Surface Features on Bioimplant Compatibility 
An important aspect of the performance of a biomedical implant is its 
surface. The surface interfaces with the biological environment and can influence 
the tissue response as well as the implant’s useful lifetime. An ideal biomaterial 
surface will cause minimal tissue inflammation and toxicity, and exhibit ideal 
corrosion and wear behavior for the function it serves. For permanent implants, this 
means the implant must be non-toxic and non-inflammatory for the entire life of the 
patient and must not corrode or wear significantly. For resorbable implants, this 
means the surface must be uniform in order to facilitate uniform corrosion behavior 
and prevent localized corrosion, which can lead to stress-corrosion cracking, and 
the degradation products must be non-toxic and non-inflammatory. 
Another important factor in the biocompatibility of a bioimplant is its surface 
wettability. The hydrophilicity of the surface of a biomaterial has been shown to 
play an important role in initial protein and cell adhesion. The proteins that bind to 
the surface influence the type of cells that are able to adhere, which ultimately 
determines the type of tissue that forms surrounding the implant [35].  
The surface topography of a biomedical implant can greatly influence cell 
adhesion and behavior, with the potential to even influence the differentiation of 
stem cells in order to stimulate the formation of a particular tissue from multipotent 
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or pluripotent progenitors [36]. Cell behavior in vivo is controlled by chemical and 
topographical cues. These topographical cues are provided by the extracellular 
matrix, which features structures from 6 to 200 nm in size [37]. The extracellular 
matrix surrounding different types of tissue exhibits disparate structures that 
influence the differentiation of primitive cells into specific tissues. It has long been 
known that microscale features influence cell behavior, since Harrison showed in 
1911 that embryonic cells grown on spider webs orient themselves along the web, 
whereas cells suspended in a liquid drop were unable to move [38]. Recent research 
suggests that nanoscale features have equally profound effects on the behavior of 
cells. One possible explanation for the influence of nanoscale features on cell 
behavior is that the cells react to these morphologies by expressing various 
extracellular macromolecules, which in turn control their adhesion to the surface 
[39]. 
A variety of surface treatments have been used on biomedical implant 
surfaces, varying from chemical treatment to physical abrasion and deformation, to 
ion and plasma surface modification in order to alter their surface chemistry and 
morphology. Nanoscale features have been produced through photolithography, 
electron beam lithography, polymer phase separation, injection molding, and hot 





1.5  Proposed Research 
 The main goal of this research was to improve the surface characteristics of 
both traditional metallic bioimplants and novel resorbable metallic implants. 
Traditional implants, such as titanium alloys, must integrate well with the 
surrounding tissue in order to prevent implant loosening and tissue damage. Other 
traditional metals can be exploited for previously unseen uses, such as bioactive 
coatings for tissue repair. Noble metals, such as gold and palladium, are attractive 
candidates for these coatings and were examined in this research. 
 
1.5.1 Objective 1: Determine the Hemocompatibility of Resorbable Metal Stents 
While the degradation behavior and cytocompatibilty of resorbable iron 
manganese implants have been given much attention in recent years, no 
information on their effects on blood clot formation has yet been available. In order 
for these materials to be viable in vascular applications, they must not induce 
significant clot formation or immune response. The first objective addressed in this 
dissertation is to determine how these resorbable iron manganese alloys will 
behave in terms of thrombogenesis by comparing the levels of various blood 
coagulation factors they induce compared with traditional stainless steel stents. 
Currently, the commonly accepted method of determining in vitro blood 
compatibility is through exposure of the candidate materials to human or other 
mammalian blood, and testing for blood clotting lymphokine factors such as 
thrombin-antithrombin and β-thromboglobulin [41-44]. This is usually done in a 
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pulsatile environment, with the stent inserted into flexible polymer tubing at human 
body temperature (37°C) in order to mimic physiological conditions [41]. To 
address the blood compatibility of the novel resorbable stent materials, we examine 
the induced levels of thrombin-antithrombin, β-thromboglobulin, and 
polymorphonuclear elastase in blood after exposure to these materials compared 
with 316L stainless steel, as a standard. The adhesion of thrombocytes, leukocytes, 
erythrocytes, and the formation of fibrin networks is examined through biological 
scanning electron microscopy (bioSEM). Porcine blood is used as a well-accepted 
model for human blood chemistry, in a peristaltic pump using silicone tubing as a 
surrogate for blood vessels.  
 
1.5.2 Objective 2: Alter the Surface Morphology of Metallic Biomaterials in Order 
to Accelerate Endothelialization 
Surface chemistry, morphology, and substrate stiffness have all been shown 
to influence the behavior of cells on the surface of an implant. The surface 
morphology in particular influences cell adhesion, by providing a scaffold for 
growth and proliferation. In order to accelerate cell adhesion, nanoscale features 
can be induced on the surface of a biomaterial through a variety of methods. Here, 
the use of ion beam irradiation is examined. The simultaneous implantation of ions 
and sputtering of surface atoms results in self-organized features on the surface 
[45], whose geometry and size can be controlled by ion energy, ion mass, angle of 
incidence, temperature, and ion beam fluence (the total number of ions to interact 
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with the surface per square centimeter) [46]. Ion beam modification can influence a 
variety of surfaces, from polymers, to ceramics and metals [46]. Here, ion beam 
irradiation is applied to metal surfaces, ranging from noble metal thin films to 
silicon wafers, to bulk resorbable ferrous alloys. A wide variety of different 
morphologies can be generated on ion-beam irradiated surfaces, ranging from 
nanoclusters or dots to ripples, and various patterns in between, depending on the 
angle of incidence [47-50]. The structures can be apparently random, or they can 
exhibit a high degree of organization. 
 Ion beam irradiation is examined as a method to alter the surface chemistry 
and morphology of both non-corrodible and corrodible bioimplant materials. Silicon 
is examined as a model material for ion beam irradiation, while noble metal thin 
films on these silicon surfaces are examined due to their inertness in vivo. Ion beam 
irradiation is also extended to bulk metal specimens of iron manganese alloy. The 
surface composition, topography, and wettability of these surfaces are examined 
through x-ray photoelectron spectroscopy, scanning electron microscopy, atomic 
force microscopy, and contact angle goniometry.  
 
1.5.3  Objective 3: Create Uniform Oxides on the Surfaces of Bioresorbable Iron 
Manganese in Order to Tailor the Early Degradation Rate and to Facilitate 
Uniform Corrosion 
One of the major causes of the mechanical failure of medical implants is 
stress corrosion cracking. Stress corrosion cracking is very commonly found in 
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conjunction with corrosion pitting on the surface of an implant. These pits generally 
form at defects and inhomogeneities in a surface, and can penetrate deeply into the 
surface of the metal. This raises the local stress, which can cause cracks to form in 
the surface, especially when the pitting is found in a region with a large applied 
mechanical load. While resorbable implants are designed to degrade over time, this 
degradation must be uniform in order to prevent catastrophic failure of the implant, 
and must be carefully controlled in order to match the healing rate of the tissue. 
Initial immersion of FeMn samples in simulated body fluids resulted in negligible 
early degradation due to the formation of a passivating iron oxide layer [51]. The 
goal of Objective 3 is to replace the native oxide that forms on the FeMn surface with 
one that is more uniform in order to control the early degradation of FeMn implants 
and prevent undesirable modes of degradation, such as corrosion pitting. This is 
expected to reduce the likelihood of stress corrosion cracking, and allow for further 
tailoring of the degradation rate to match the healing rate of the tissue. This will be 
done through chemical treatment of the iron manganese surfaces, through 
simultaneous etching with acid and oxidation with hydrogen peroxide.  
These solutions also have the potential to alter the surface morphology of 
traditional metals, and so their effect on Ti6Al4V is also examined. Previous studies 
have shown treatment of Ti6Al4V with sulfuric acid-peroxide solutions result in the 
formation of “spongy,” porous surfaces that have the potential to improve osteoblast 
growth [52]. A rough, porous surface can provide a means to create an “interlock” 
between the bone and the implant, which may eliminate the need for bone cements 
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[53]. Here, we examine the effect of acid-peroxide solutions on Ti6Al4V surfaces, 
comparing the effects of phosphoric acid and nitric acid with sulfuric acid, which is 
readily found in the literature.   
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CHAPTER 2 AN EVALUATION OF IN VITRO HEMOCOMPATIBILITY 
 
The following chapter has been published previously. An in vitro model for 
preclinical testing of thrombogenicity of resorbable metallic stents,Walker, E. K., 
Nauman, E. A., Allain, J. P., & Stanciu, L. A. Journal of Biomedical Materials Research 





While the cardiovascular tissue engineering field has been dominated by 
polymers and stainless steels, the use of bioresorbable nutrient metals is a novel, 
less explored idea that brings together the advantages of combining the mechanical 
strength necessary for initial support with the capacity of resorption after tissue 
remodeling. Bioresorbable metals have the potential to yield implants for clinical 
applications requiring only transient structure, ideally resulting in well-healed 
native tissues. postoperative mechanical support is only necessary for 
approximately 3-6 months before tissue remodeling is complete [54]. Designing 
metallic stents that provide such initial postoperative mechanical support, but are 
later resorbed to leave behind a prosthetic-free vessel and avoid the potential long-
term effects of a permanent prosthetic device would therefore be the next step up in 
the field. Nutrient metals, such as iron, manganese, magnesium and zinc, have the 
potential to provide high strength and become building blocks for bioresorbable, 
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transient, medical implants. In the context of the complex biomaterials-tissue 
interface phenomena in the vascular field, blood compatibility will have a crucial 
effect on these biomaterials’ successful implementation.  
In many of these applications, a permanent stent is not necessary and may 
cause negative effects in the long term, including late-stent thrombosis and in-stent 
restenosis [18, 54-56]. In-stent restenosis (ISR), occurs in about 25% of patients and 
is mainly caused by the mechanical irritation of the vessel by the permanent device 
and by the interaction between the blood and the stent [55]. Drug eluting stents 
reduce endothelial cell proliferation, but increase thrombogenicity [57], 
necessitating antiplatelet therapy for a prolonged period post-implantation [15]. 
Thrombosis is increased when the stent is malapposed to the vessel wall [58]. 
Recently, temporary endovascular bypass for cerebral occluded artery 
recanalization was implemented addressing some of the issues mentioned above 
applying a permanent endovascular device [59]. However, this approach in the 
context of cerebrovascular reconstruction near brain aneurysm defects remains 
unclear and in particular, the need for a stent scaffold material that is removed with 
a time constant correlated to the patency of the vessel, which in some cases could be 
several weeks [60]. 
In order to address these issues, interest in degradable stents has recently 
increased [61, 62]. Both polymer and metallic degradable stents have been explored. 
Polymer stents, typically composed of poly-L lactic acid (PLLA), suffer from lower 
radial strength compared with metals, which may be insufficient to prevent early 
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recoil after implantation [15, 61]. This lower strength also requires much larger 
struts compared with traditional metal stents, which increases the hemodynamic 
impact of the stent and may contribute to thrombus formation [32, 63]. Polymeric 
stents also result in tissue inflammation and degrade relatively slowly [7].  
Furthermore, they have a short shelf life and require specialized storage [7].  
 Resorbable metal stents of pure iron (Fe) and magnesium (Mg) alloys have 
been examined, due to their low toxicity and iron’s role in oxygen transport. In 
clinical trials, Fe and Mg stents have shown good biocompatibility [61], but suffer 
from relatively low strength and stiffness compared with traditional permanent 
stents [32]. Pure iron stents degrade slowly, which may limit their ability to prevent 
late-stent thrombosis [18, 64]. Magnesium, on the other hand, degrades rapidly, 
which may not allow for sufficient vessel remodeling prior to resorption. Complete 
absorption of Mg alloy stents has been observed after 2 months [64]. Pure Fe is also 
incompatible with magnetic resonance imaging (MRI) due to its ferromagnetic 
behavior [32]. Here, we are reporting on the potential of iron-manganese alloys to 
address these issues.  
 Iron manganese alloys (FeMn) have advantages over pure iron and 
magnesium alloys in terms of mechanical properties and degradation rate. Cold 
drawn iron 35 wt % manganese (Fe35Mn) provided similar toughness and greater 
tensile strength than 316L stainless steel [32]. Further, alloys of Fe and Mn are MRI 
compatible at compositions above 29% Mn, with a purely austenitic structure [26]. 
Manganese is an essential trace element in mammalian function and development 
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[64]. Due to plasma protein binding, excess manganese has been shown to be non-
toxic in the cardiovascular system [26, 65]. Preliminary testing has shown an 
increase in endothelial cell attachment on these resorbable FeMn alloys compared 
with 316L stainless steel [34], but further testing is yet necessary. The blood 
compatibility of a new material is an essential consideration in its viability as a stent 
material [66]. Thrombus formation and neointimal narrowing depend upon the 
triggering of inflammatory cells and platelets by the material [42]. 
 The focus of this study is to determine the relative blood compatibility of 
resorbable stents composed of iron and iron-based alloys and drawn-filled tube 
(DFT) composites compared to traditional stainless steel. This was accomplished by 
the use of an in vitro porcine blood model and quantifying various coagulation 
factors in the blood, as well as imaging the stents after the blood contact to 
determine cell adhesion.  
 
2.2  Experimental Methods 
2.2.1  Stent Materials 
Five different test materials and one control were assessed in this experiment. 
Surgical grade stainless steel (316L) was used as a control. The test materials 
consisted of composites of iron (Fe), magnesium (Mg), manganese (Mn), and zinc 
(Zn). Three of these wires feature a drawn-filled tube (DFT) geometry, where the 
core is composed of a different metal than the outer shell. The wire geometries can 
be seen in Figure 2.1. Additional detail on the processing and mechanical properties 
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of these materials has been published previously [16]. The sample stents included 
99.95% pure Fe (50% cold worked), Fe35Mn alloy, Fe35Mn-DFT-25% ZM21 (ZM21 
is 2% Zn, 0.5% Mn, balance Mg), Fe-DFT-25% Mg, and Fe-DFT-57% Mg. All stents 
had identical geometry, formed by braiding 127 μm diameter wires into stents with 
an outer diameter of 6.35 mm. Six stents of each material were tested.  
 
 
Figure 2.1 Wire geometries. (A) Monolithic wire comprised of Fe, 316L, or Fe35Mn, 
and (B) DFT wire comprised of an outer shell (white) of Fe or Fe35Mn, and a core of 
Mg or ZM21 (gray). The diameter of each wire is 127 um. 
 
2.2.2  Experimental Set-up 
The experiments were performed using closed loops of silicone tubing attached to a 
peristaltic pump. The tubing was immersed in a water bath at 37°C. The test stents 
were each inserted into a 30cm long portion of tubing with an inner diameter of ¼ 
in (Masterflex L/S, Cole Parmer, Vernon Hills, IL) that had been previously coated 
with heparin sodium salt to prevent tubing-related thrombogenicity. The stents 
were inflated with a balloon catheter (Balt Extrusion, Montmorency, France). The 
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stented tubes were then each filled with 10ml blood and sealed. After 75 minutes of 
circulation at 33ml/min, the blood was collected and centrifuged to separate the 
plasma.  
 
2.2.3  Blood Sampling 
Porcine blood was obtained from the Purdue University School of Veterinary 
Medicine. Venous blood was collected from a single pig and doped with 1000IU/ml 
heparin. The blood was refrigerated overnight and brought to 37°C prior to 
insertion in the stented silicone tubes. Each stented tube was filled with 10ml of 
blood and sealed. Three ELISA assays were performed on each plasma sample in 
duplicate: porcine thrombin-anti thrombin complex (TAT), porcine beta-
thromboglobulin (Beta-TG), and porcine polymorphonuclear (PMN) elastase. Red 
blood cells were counted in the whole blood samples before and after the blood was 
exposed to the test stents.  
 
2.2.4  SEM Preparation 
After blood contact, the stents were rinsed in phosphate buffered saline (PBS) and 
incubated in 2% glutaraldehyde in PBS. The stents were then rinsed in PBS and 
dehydrated in increasing concentrations of ethanol, followed by 
hexamethyldisilazane (HMDS). After dehydration, the stents were sputter coated 
with platinum for scanning electron microscopy (SEM). One stent of each metal 
composition was also imaged prior to blood contact for comparison. A third set of 
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stents was exposed to the same fixation and dehydration chemicals to examine how 
these chemicals affect oxide formation on the degradable metals.  
 
2.3 Results 
2.3.1 Cell Counting 
The red blood cell viability was assessed after contact with the sample stents 
and compared with blood that was not exposed to any stents.  This was done 
visually with a hemacytometer for each stent. The viability of the red blood cells did 
not change significantly between samples (data not shown), and exceeded 90% 
viability in each case.  
 
2.3.2 Blood Assays 
Each plasma sample was assayed in duplicate for each of the sample stents, 
providing a total 4 specimens for each material in each assay. The assays were 
repeated 3 times, giving a total of n=12. The levels of TAT due to all of the 
resorbable metal samples were reduced compared to 316L, as shown in Figure 2.2a. 
Compared to the 316L control sample, the β-TG levels due to the cold-worked Fe 
and the Fe35MN-DFT-25% ZM21 were elevated, as shown in Fig. 2.2b. The Fe35Mn 
and Fe-DFT-Mg stents, however, showed a reduction in concentration of β-TG 
compared to 316L, as shown in Figure 2.2b. The Fe35Mn-DFT-25% ZM21 and Fe-
DFT-25% Mg were comparable to 316L in terms of PMN elastase, while the Fe35Mn 
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and Fe-DFT-57%Mg showed very low levels of PMN elastase, as shown in Figure 
2.2c.  
 The statistical significance of the variations between the data sets was 
examined through unpaired t-tests for each resorbable stent type compared to 316L 
for each ELISA assay. The t-tests were performed in Microsoft Excel using the two-
tailed assumption. The results of the t-tests are shown in Tables 2.1-2.3. 














Figure 2.2 Concentrations of blood factors after contact with porcine blood from 





Table 2.1 Statistical results for TAT ELISA (unpaired t-test for each resorbable 
material as compared to 316L). P< 0.05 is considered statistically significant. 
Material Mean Concentration 
(ng/ml) 
P 
316L 0.83  _____ 
Fe 99.95 0.67  0.84 
Fe35Mn 0.69  0.29 
Fe35Mn-DFT-25%ZM21 0.76  0.63 
Fe-DFT-25%Mg 0.68  0.34 




Table 2.2 Statistical results for Beta TG ELISA (unpaired t-test for each resorbable 
material as compared to 316L). P< 0.05 is considered statistically significant. 
Material Mean Concentration 
(ng/ml) 
P 
316L 2.10  _____ 
Fe 99.95 1.60  0.003 
Fe35Mn 1.73  0.01 
Fe35Mn-DFT-25%ZM21 2.30  0.29 
Fe-DFT-25%Mg 1.40  0.005 




Table 2.3 Statistical results for PMN Elastase ELISA (unpaired t-test for each 
resorbable material as compared to 316L). P< 0.05 is considered statistically 
significant. 
Material Mean Concentration 
(pg/ml) 
P 
316L 85.50 _____ 
Fe 99.95 68.75 0.27 
Fe35Mn 48.25 0.004 
Fe35Mn-DFT-25%ZM21 79.70 0.40 
Fe-DFT-25%Mg 59.96 0.08 






2.3.3 SEM Imaging 
In order to compare the effects of the blood cells with those caused by the 
fixation and dehydration process for imaging, a second set of stents was exposed to 
phosphate buffered saline (PBS) with a pH of 7.4, the same as the porcine blood, for 
75 minutes and fixated and dehydrated using the same process described for the 
blood contact (chemically treated stents). After blood contact, the stents were 
imaged using backscattered electron imaging to examine both topographical 
features and phase contrast, in order to distinguish between metallic and biological 
particulates. The Fe35-Mn-DFT-25% ZM21 stent was damaged during this process 
and was not imaged using backscattered electrons. The unmodified and chemically 
treated stents were imaged with secondary electron imaging, as there were no 
significant changes in composition in these samples without the existence of 





Figure 2.3 Secondary electron images of Fe 99.9% stent before (a) and after 
chemical treatment (b), and backscattered electron images after exposure to 






Figure 2.4 Secondary electron images of 316L stainless steel stent before (a) and 
after chemical treatment (b) and backscattered electron images after exposure to 






Figure 2.5 Secondary electron images of Fe35Mn stent before (a) and after chemical 







Figure 2.6 Secondary electron images of Fe35MN-DFT-25 % ZM21 before (a) and 






Figure 2.7 Secondary electron images of Fe-DFT—25% Mg before (a) and after 
chemical treatment (b) and backscattered electron images after contact with 







Figure 2.8 Secondary electron images of Fe-DFT—57% Mg before (a) and after 
chemical treatment (b) and backscattered electron images after contact with 




After immersion in the saline, fixation and dehydration chemicals, the iron 
stent showed significant surface oxide formation. This was especially apparent at 
the weld sites. SEM imaging of the iron stent in after blood contact showed 
significant rust formation as well as adhesion of few cells. The backscattered 
electron images in particular make the cells easier to distinguish from the 
degradation products. The lower atomic mass of the biological material results in a 
darker area on the backscattered image.  
 As expected, the stainless steel stent did not visibly degrade after chemical 
treatment. Several adhered cells are visible after blood contact. The size and 
morphology of these cells suggest that they are primarily thrombocytes, with 
several erythrocytes dispersed across the surface.  
In the images of the as-received Fe35Mn stents, artifacts from the wire 
processing are evident on the surface. These became largely obscured by the 
formation of the surface oxide after chemical treatment, but the formation of the 
oxide layer was even more pronounced after blood contact. Very few cells were seen 
to adhere to the Fe35Mn surface compared with the stainless steel stent.  
In contrast to the Fe35Mn stents, more erythrocytes and leukocytes were 
observed on the surfaces of the Fe-DFT stents after blood contact. Fewer 







As the blood compatibility of FeMn alloys and Fe-Mg composites was 
assessed, an in vitro porcine blood model was selected as a widely accepted 
procedure [9]. The standards in this case were 316L stainless steel stents, with 
identical geometry to the test stents in order to eliminate the factor of geometry on 
thrombus formation.  
Antithrombin III inactivates thrombin, which is produced during coagulation 
and binds to foreign contaminants. Thus a lower concentration of the thrombin-
antithrombin complex indicates a reduction in fibrinogen activation [41]. PMN 
elastase is produced when an inflammatory response takes place due to the foreign 
material in the blood [41]. Finally, β-TG is excreted by platelets during activation 
[66]. Thus, these assays can be used to measure coagulation and inflammatory 
responses in the intrinsic pathway and detect the responses induced by the material 
being exposed to a blood environment. 
Pure iron, which is one of the few clinically tested resorbable stent materials, 
induced lower levels of beta-thromboglobulin after 75 minutes in contact with 
whole porcine blood compared with 316L stainless steel, and similar, but slightly 
lower levels of PMN elastase and thrombin-antithrombin complex (Figures 2.2a and 
2.2c). The difference between the beta-TG results for Fe99.95 versus 316L was 
statistically significant (P<0.05). The reduced levels of PMN elastase due to the iron 
stent suggest a decreased inflammatory response compared with stainless steel. The 
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difference between the PMN and TAT results for pure iron versus stainless steel, 
however, was not statistically significant, as shown in tables 2.1 and 2.2. 
Platelet activation and adhesion are well-accepted causes of thrombosis [67]. 
Placing a biomaterial in contact with blood leads to plasma proteins immediately 
adsorbing to the surface, a process that is followed by platelet adhesion and 
activation, activation of the complement and coagulation cascades, among other 
cellular responses. Consequently, if the platelets attached to the surface of a 
biomaterial are present in large number, and are at the same time modified in shape 
or tend to aggregate, this indicates they are highly activated, and the biomaterial 
shows reduced levels of anti-coagulation. In contrast, the presence of a small 
number of platelets on the surface and an intact shape suggest the platelets are not 
activated, and consequently demonstrates higher blood compatibility. A small 
number of platelets and red blood cells were observed on the surface of the Fe stent 
after blood contact, as shown in Fig. 2.3c, however a significant oxide layer formed. 
The morphology of this oxide layer was similar to that observed on the surface of 
the stent that was exposed to the same fixation and dehydration chemicals as the 
stent prepared for SEM after blood contact. These results suggest that the pure Fe 
stent will not increase thrombus formation compared with 316L.  
Similar blood compatibility assays (beta-thromboglobulin, PMN elastase, and 
thrombin-antithrombin complex) as in the case of pure Fe and 316L were 
performed on the Fe35Mn stents. The results of the assays indicate improved 
behavior to 316L stainless steel stents in terms of acute thrombogenicity. After 75 
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minutes in contact with porcine blood, the measured levels of β-thromboglobulin, 
thrombin-antithrombin complex, and polymorphonuclear elastase were lower due 
to the Fe35Mn stent than the 316L stent, and lower than for pure iron. In this case, 
the difference between the Fe35Mn and 316L results were statistically significant 
for the PMN elastase and the Beta TG, but not for the TAT. This indicates that the 
Fe35Mn is comparable in terms of induced levels of thrombin-antithrombin 
complex. In addition, very few cells were observed to adhere to the Fe35Mn sample 
compared to the 316L stent through SEM imaging, as shown in Fig. 2.4c. The 
adhesion of the platelets depends on a number of factors, including surface 
roughness, surface energy, and surface chemistry. The host response to a 
biomaterial in the vascular system includes adsorption of proteins and activation of 
coagulation and inflammation [68]. This response is minimized by smooth surfaces 
[56]. During blood contact, however, a very rough oxide layer formed on the 
surfaces of the resorbable Fe35Mn, as shown in Fig. 2.5c. This suggests that the lack 
of platelet adhesion is likely due to the surface chemistry of the stent. Not only were 
very few platelets observed on the Fe35Mn surface, but very few leukocytes were 
visible as well, suggesting little inflammatory response due to the presence of this 
material. The oxide layer formed during chemical treatment differs from that of the 
oxide formed during blood contact, however. Prior to exposure to the blood and 
chemical treatments, marks from the wire processing were clearly visible, as shown 
in Fig. 2.5a. The surface oxide forms so rapidly that it is unlikely that these defects 
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will have a significant influence on cell adhesion. Indeed, fewer cells adhered to the 
Fe35Mn surface, which initially had a rougher surface, than the 316L.  
The drawn-filled tube stents likewise did not show an appreciable increase in 
thrombocyte adhesion or an increase in most of the coagulation factors, relative to 
316L. The Fe-DFT-Mg stents had more adherent leukocytes on their surfaces, 
however. This was not observed on the pure iron stent, suggesting that the 
inflammatory response may not have been caused by the presence of the iron, but 
rather by the magnesium or the processing conditions of the DFT wires. Some 
flaking of the outer shell was observed through SEM on the surfaces of the DFT 
wires. This is an undesirable mode of degradation, as this debris could travel 
downstream from the stent and cause tissue damage in the blood vessel. This effect 
was not observed on the monolithic wires, however.  
The absence of adhered platelets on the surfaces of the iron alloys and 
composites, while encouraging, does not prove conclusively that the materials are 
non-thrombogenic. The lack of platelets on the surfaces in the SEM images may 
simply be due to the surfaces being non-adherent, while the platelets may still have 
been activated and could ultimately form thrombi downstream from the stent [57]. 
The relatively low levels of the blood coagulation factors due to the resorbable 
metals, however, suggest that these metals will perform at least as well, or better 
than bare 316L stents. Among the tested metallic stents, the Fe35Mn composition 
showed the highest strength and longest lifetime and fatigue durability in previous 
testing [32], and has now proven to be the least thrombogenic in this in vitro study. 
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Previous studies have also shown greater endothelial cell attachment on the 
resorbable metal wires as compared to 316L stainless steel [34]. In fact, the Fe35Mn 
wires showed 200% greater cell coverage compared with 316L [34]. The 
combination of the improved endothelialization, excellent mechanical properties 
and degradation behavior, and comparable thrombogenic behavior to 316L suggest 
great potential for Fe35Mn as a resorbable stent scaffold material.  
 
2.5. Conclusions 
This study shows that the levels of beta thromboglobulin, and 
polymorphonuclear elastase, were reduced in the porcine blood exposed to Fe35Mn 
stents compared with blood exposed to 316L stainless steel stents, and the levels of 
thrombin-antithrombin complex were comparable. This suggests that the Fe35Mn 
stents will behave at least as well as 316L, or better when placed in contact with 
blood in clinical applications. The Fe35Mn-DFT-25% ZM21 stents induced 
comparable levels of TAT complex to 316L, but increased concentration of beta TG. 
Very little cell adhesion was observed on the resorbable metal stents compared with 
316L stainless steel, but this does not conclusively disprove the possibility of 
thrombus formation due to the presence of these materials in the blood. No 
significant hemolysis was observed due to any of the samples tested in this study. 
The results of this study suggest the relative hemocompatibility of these resorbable 




CHAPTER 3 SURFACE NANOPATTERNING THROUGH ION BEAM IRRADIATION OF 
NOBLE METALS AND SILICON FOR IMPROVED BIOCOMPATIBILITY 
 
3.1 Introduction 
3.1.1  Penetrating Brain Pseudoaneurysms 
Post-traumatic blast-induced penetrating brain pseudo-aneurysms have 
been a major concern for military personnel since World War I, and the prevalence 
of these injuries increased dramatically during Operation Iraqi Freedom (OIF) and 
Operation Enduring Freedom (OEF) [69]. Between April 2003 and April 2008, 408 
military patients with severe head trauma returned to the United States from 
OIF/OEF and were treated at the National Naval Medical Center and Walter Reed 
Army Military Medical center [69]. More than one in three of these patients suffered 
cerebrovascular injury [69]. Penetrating Brain Injury (PBI) aneurysms are 
traditionally treated through surgical clipping, which requires open-head surgery, 
or through endovascular coiling, using platinum wires, often in conjunction with 
stent buttressing to hold the coils in place. Coating a stent in a material that would 
induce tissue growth and ultimately healing of the neck orifice of the pseudo-
aneurysm could potentially provide a minimally invasive solution which could 
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replace clipping and endovascular coiling, reducing the morbidity and mortality of 
these cases.  
3.1.2  Control of Surface Morphology Through Ion Beam Irradiation 
It has long been known that ion beam irradiation can influence the 
topography of a surface. Navez first showed topographical changes on glass due to 
air ion irradiation in the early 1960s, with the production of periodic nanoripples 
[70]. A wide variety of structures can be formed on surfaces in this manner [71]. By 
altering the parameters of the incident ion beam, a wide array of features of various 
sizes can be created on the surfaces of many materials, including metals and 
semiconductors. The factors that influence surface morphology induced by ion beam 
irradiation include ion species, ion energy, angle of incidence, target material, and 
film thickness. In addition to changes in the surface morphology, ion beam 
irradiation also induces changes in surface chemistry. Nanotopographical cues 
influence cell behavior [36, 39, 40], which can be exploited for a variety of medical 
applications, and the changes in surface chemistry can be used to create surfaces of 
various degrees of hydrophilicity.  
Ion beam irradiation has been used extensively in order to create nanoscale 
features on the surfaces of semiconductors, as it provides a means to pattern areas 
up to several square millimeters in a manner of minutes [46]. Ion beam irradiation 
induced pattern formation can be achieved on a wide variety of materials, including 
metals and semiconductors, single crystal, polycrystals, or even amorphous 
materials [72]. Under certain conditions, low energy ion beam irradiation can be 
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used to smooth surfaces, while other parameters can produce highly ordered 
patterns on a surface, with a variety of geometries possible. These patterns include, 
but are not limited to, dots and ripples. Pattern self-organization depends on target 
mass and crystal structure, ion species, ion energy, ion flux and fluence, and angle of 
incidence. According to Sigmund’s theory, the local curvature has a profound effect 
on the erosion rate; erosion is accelerated at local minima, which leads to surface 
structuring [73]. For most metals and semiconductors at low energy with relatively 
lightweight ion bombardment, the collision cascade can be approximated to be 
linear [74]. Bradley and Harper extend Sigmund’s theory in order to describe the 
formation of ripples on an irradiated surface, where the formation of ripples on a 
surface irradiated at oblique angles is analogous to ripples formed through 
sandblasting [75]. 
The sputter yield increases until about 60-70° from normal and drops 
sharply, as shallower angles result in energy deposition closer to the surface until 
glancing incidence results in more reflected ions [46]. The sputtering yield is also 
highly dependent on the crystallinity of a material, varying significantly for single 
crystal, polycrystalline, and amorphous targets and even varying significantly for 
different crystal orientations [46].  
Argon ions were chosen due to their low cost and inertness; noble gases do 
not interact chemically with the target, leading to a simpler sputtering model.  
Silicon is bioinert, but suffers from poor hemocompatibility [76]. Several studies 
have shown, however, that Si surfaces can be biofunctionalized to induce 
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hydroxyapatite deposition [76], making it an interesting material for possible 
orthopedic applications. Under ion beam irradiation, Si surfaces become 
amorphized [46, 77].  
Gold is an attractive candidate for biomedical implants due to its high 
corrosion resistance and inertness in vivo. Gold is one of the first biomaterials ever 
used in humans, used to treat cranial defects by the Egyptians and Romans [78]. 
Since then, it has become an important material for dental implants. Gold is 
radiopaque, and is commonly used as a marker on catheters for angiography to aid 
in visibility under x-ray fluorescence. Due to its ductility, it is an intriguing candidate 
for vascular applications. A nanostructured gold coating on the surface of a 
cerebrovascular stent could potentially serve as a scaffold material for endothelial 
and smooth muscle cells, inducing healing of aneurysm neck defects. The attraction 
of cells to the stent surface can be accelerated using a magnetic field, by depositing a 
magnetic film (i.e. nickel or cobalt metal) on the surface and then coating this 
magnetic film in bioinert nanostructured gold. 
This chapter will discuss nanostructure formation on metal thin films, 
including gold (Au), palladium (Pd), and cobalt (Co) deposited onto silicon (100) 
wafers, as well as nanostructure formation on bare silicon (100) formed by inert 




3.2  Materials and Methods 
A Si (100) wafer was coated with a 1µm thick film of Ni, which was then coated 
in a 200nm thick film of Au for biocompatibility. Irradiation was performed using a 
broad-beam ion source in ultra-high vacuum at energies between 150eV and 1keV. 
Ex situ atomic force microscopy (AFM) and scanning electron microscopy (SEM) 
were employed to characterize the surface morphology of the irradiated materials.  
Like gold, palladium is a popular choice for dental implants due to its inertness and 
good corrosion resistance. The application of a thin layer of palladium (~20nm) on 
the gold surfaces was added to aid pattern formation. Ion bombardment induces 
mixing irradiated layers. The mixed layer then undergoes preferential sputtering 
during ion bombardment. This was done on gold and palladium in order to induce 






3.3.1  Silicon Irradiation 
 
Figure 3.1 AFM images of silicon wafers irradiated with 150eV Ar+ ions at 15° (a, b) 





At the shallower incidence angle of 70°, shown in Figure 3.1c, patterning is 
visible on the surface of the wafer compared to the wafers with near-normal 
incidence (15°), as seen in Figures 3.1a and 3.1b at either fluence. From this, it is 
found that the near-normal angle of incidence creates a much smoother surface, 
while the oblique angle of incidence creates structures that are approximately 45 
nm in diameter. When this experiment was repeated with 200eV Ar+ ions at 10°, 
however, the irradiation resulted in nanoisland formation on the Si(100) surface, as 
shown in Figure 3.2. 
 
 













15 5E17 0.44 1.64 3.13 
15 1E18 0.49 1.66 3.80 




Figure 3.2 Silicon surfaces after irradiation with 200eV Ar+ ions at 60° to a fluence of 





Figure 3.3 : Silicon surface after irradiation with 200 eV Ar+ ions at 10° to a fluence 
of 6E17 cm-2 
 
 
Irradiation of Si(100) at 10° resulted in ripple formation, but only in the near 
proximity of contaminants on the surface. A distinct shadowing effect is seen in 
Figure 3.3, where structures form to the left of a particle on the surface, but no 
features are visible to the right of the same particle. This is likely because the 
particle blocked the ion beam on one side, while the impurities from the particle 





Figure 3.4 AFM scans of silicon samples irradiated with 200 eV Ar+ irradiation with 
a broad beam ion source: (a) at 10° from normal to a fluence of 2E18cm-2, 2.5 x 2.5 
µm scan. (b) at 25° from normal to a fluence of 2E18cm-2, 2 x 2 µm scan. (c) at 60° 
from normal. 
 
At near-normal incidence, the ion beam induces the formation of ripples on 
the Si(100) surface, as shown in Fig. 3.3a-b. The ripples formed at 25° are wider 
than those created at 10°, however both are relatively uniform, as both were 
irradiated to the same fluence of 2E18cm-2. At 60 °, by contrast, surface roughening 
is evident, but well-defined features are absent, as shown in Fig. 3.3c. Carter and 
Vishnyakov found that low-energy ion bombardment of Si at room temperature 















produced smoothing at near-normal incidence, and ripples at 45 °[79]. Ziberi et al, 
on the other hand, found 3 distinct regions of surface evolution on Si due to Ar+ ion 
irradiation: between 0° and 40°, ripples formed; between 40° and 60°, smoothing 
occurred; and at angles greater than 60, dots and columnar structures formed [80].  
  
3.3.2 Gold Irradiation 
 
 
Figure 3.5 Figure 3.4: SEM images of 200nm gold films on 1µm nickel films before 
irradiation (a), after a fluence of 1E16 cm-2 (b), and after a fluence of 1E17 cm-2(c) 
irradiated with 500eV Ar+ ions at normal incidence (0°). (a) is at 50,000x while (b) 








Prior to irradiation, the gold surfaces were relatively rough. During film deposition, 
the gold particles agglomerated on the surface. No significant difference in the 
surface morphology was observed following irradiation. 




Figure 3.6 SEM images of Pd film on Au with Ni/Si substrates before irradiation (a), 
and samples irradiated with 500eV Ar+ ions to fluences of (b) 5E16 cm-2, (c) 8E16 
cm-2, and (d) 2E17 cm-2. 
 
Compared with the unirradiated surface, the two lower-fluence samples showed 
little change in surface morphology. After a fluence of 2E17 cm-2, however, it 











apparent in the AFM image in Figure 3.6d; it is likely that a different area of the 
surface was imaged in SEM versus AFM, and melting only occurred in specific 





Figure 3.7 AFM scans of the Pd film on Au with a Ni/Si substrate before irradiation 
(a), and after irradiation with 500eV Ar+ ions to fluences of 5E16 cm-2(b), 8E16 cm-2 






The irradiated AuPd surfaces did not exhibit any significant changes in surface 
morphology, as shown in the AFM scans in Figure 3.6. Table 3.2 shows the 
quantitative results from the AFM analysis, where feature height, RMS roughness, 
and feature diameter were characterized. Only the sample irradiated to 8E16cm-2 
showed variation in feature size, with slightly smaller features. The other samples 
varied insignificantly from the virgin surface. 
 
 











Virgin 17.0 44.7 123.4 ~150  
5E16 18.9 48.3 125.1 ~150  
8E16 13.9 38.7 111.8 ~110 
2E17 16.6 46.9 115.3 ~160 
 
 
3.4  Discussion 
Irradiation of silicon (100) wafers with 200eV Ar+ ions resulted in 
nanoisland formation at 60° after fluences of 6E17 cm-2, while near-normal angles of 
incidence created ripples on the surfaces. These ripples, however, only formed in 
the near proximity of visible contamination on the surface. Previous research 
suggests that ion beam-induced pattern formation on high-purity single-crystal 
silicon is not possible in the absence of metal impurities [81]. The formation of 
patterns on the surfaces of the Si(100) in this investigation may be induced by 
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adsorbed impurities on the surface of the Si, impurities introduced during the 
manufacturing process, or the interaction of the ion beam with the metal platen 
supporting the sample in the vacuum chamber. The patterning at oblique incidence 
was most well-defined in the near-proximity of particles on the surface of the 
irradiated wafer, on only one side, suggesting a shadowing effect caused by the large 
particle blocking the shallow-angle ions. Irradiation at 70° with 150eV Ar+ ions also 
produced nanodots on the surface.  
Gold films were created on the surfaces of nickel thin films through electron-
beam deposition, resulting in the formation of gold spheres nearly 1µm in diameter. 
The agglomeration of the gold particles on the surfaces of the nickel films is likely 
due to poor wetting of the gold on the nickel. No significant changes in the surface 
morphology were observed after ion beam irradiation on these surfaces. In order to 
induce preferential sputtering to drive nanopatterning, a thin layer of palladium was 
deposited on top of the gold. After high fluence (2E17cm-2) irradiation with 500eV 
Ar+ ions, the morphology of the Pd films deposited on Au changes significantly, 
while almost no change is perceptible at a fluence of 8E16cm-2. Prior to irradiation, 
the surface was covered in agglomerated spheres of palladium. After the highest 
fluence examined in this study, however, it appeared the surface had been melted. 
Gold and palladium are dense, soft metals. In targets with high density, the collisions 
from ion bombardment occur very close together, which melts the crystal, resulting 
in the surface observed in Figure 3.5d. Further experiments using a lower ion flux, 
but the same final fluence, could further elucidate the cause of the localized melting. 
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At a lower flux, the collisions would occur on a longer time scale, which might 
prevent melting of the surface.  
 
3.5  Conclusions 
Nanopatterning was induced on the surfaces of Si(100) wafers at various 
angles of incidence. This patterning was likely driven by the presence of impurities 
introduced by particulates present on the surface prior to irradiation or the 
interaction of the broad ion beam with the metal platen. These features ranged from 
nanoislands at oblique incidence to ripples at near-normal. It was not possible to 
induce nanopattern formation on gold thin films deposited on silicon wafers with 
magnetic films sandwiched in between. This is most likely due to the rough initial 
surface after electron beam deposition of the metal films. The deposited films were 
equally rough when the deposition was performed on a bare silicon wafer with no 
magnetic nickel film or chromium adhesion layer. The addition of thin layers of 
palladium did not induce any preferential sputtering-driven pattern formation, 




CHAPTER 4 SURFACE MODIFICATION OF Fe35Mn THROUGH ION BEAM 
IRRADIATION  
 
4.1  Introduction 
Ion beam irradiation can be extended to resorbable metals in addition to thin 
films and semiconductors.  in order to create nanostructures on the surface to 
influence cell behavior, and to preferentially sputter certain components of the alloy 
in order to create a specific surface composition. Preferential sputtering occurs in a 
system of multiple components where the sputtering yields of the components are 
different [82]. Generally, the component with the higher sputtering yield will 
preferentially sputter away from the material, leaving a surface rich in the 
component with the lower sputtering yield. The difference in sputter probabilities 
between two elements in an alloy can be attributed to differences in their surface 
binding energies, and differences in momentum transfer from collisions to these 
constituent atoms [83]. This effect is most pronounced at energies near the sputter 
threshold; virtually no sputtering will be observed from the component with the 
larger threshold, while the energy transferred to the other component(s) may yet be 
sufficient to induce sputtering [84]. In the case of FeMn irradiated with Ar+ ions, the 
Mn has a higher sputtering rate, determined by Stopping Range of Ions in Matter 
(SRIM) calculations. The SRIM program assumes binary collisions only and does not 
59 
 
take into account changes in composition due to sputtering or the formation of 
defect clusters, and assumes the material is amorphous. It was used in this case only 
to approximate the differences in sputtering yield between the two components 
under the same conditions. In contrast to the Si surface examined in the previous 
chapter, metals do not amorphize during ion beam irradiation due to the non-
directionality of metallic bonding [46], but SRIM calculations do not account for 
crystallographic effects. 
Previous work in our group has shown that rougher surfaces improve the 
adhesion and influence the orientation of bone marrow stromal cells grown on 
FeMn surfaces, as shown in Figure 4.1. After 20 hours in culture, the cells aligned 
themselves with the direction of the grooves induced by the grinding process, while 
the cells cultured on the smooth sample were randomly oriented and the coverage 
was less dense. The roughness and morphology induced by mechanical polishing is 
limited to scratches and grooves in the sample surface. Ion beam irradiation can be 
used in order to produce various feature geometries that may have varying effects 





Figure 4.1 Backscattered electron images of bone marrow stromal cells cultured for 
20 hours on FeMn surfaces ground to 600 grit (a) and polished to mirror finish with 




4.2  Materials and Methods 
Small, irregular pieces of 99.9% pure Fe (Alfa Aesar, Ward Hill, MA) and 99.9% pure 
Mn (Alfa Aesar, Ward Hill, MA) were weighed out to 35% Mn, balance iron 
(Fe35Mn). This mixture was cast through arc melting under flowing argon (5%H2) 
and re-melted three times to ensure homogeneity. Coupons 1 cm in diameter were 
machined from the resultant ingot. The coupons were then ground to a final grit of 
600. Argon ion beam irradiation using a broad-beam ion source was carried out in 
an ultra-high vacuum environment. In situ x-ray photoelectron spectroscopy (XPS) 
was performed on the samples prior to irradiation, after a fluence of 2E16cm-2, and 
after a fluence of 5E17cm-2. The XPS data was used in order to determine the surface 
composition of the samples prior to and following irradiation. After irradiation, the 
surface morphology of the samples was examined through scanning electron 
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microscopy. CasaXPS analysis software was used to find the area underneath the 
peaks in the XPS spectra, which was then used to calculate the proportions of iron, 
manganese, and oxygen at the surface. The wettability of the irradiated samples was 




Prior to irradiation, a thin, non-uniform native oxide is present on the iron 
manganese surface. The O 1s peak and the O KLL Auger peak are apparent prior to 
irradiation and after a fluence as 2E16cm-2 in figures 4.2-4.4. The lower fluence of 
2E16-2 was chosen as this low fluence results in sputter-cleaning of the topmost 
layer of the surface, prior to the onset of morphological changes and ion 
implantation and mixing. XPS analysis of the surface after this fluence provides 
better information on the composition of the material below the surface oxide 





Figure 4.2 XPS results for Fe35Mn irradiated with 500eV Ar+ ions at 60° before 







Figure 4.3 XPS results for Fe35Mn irradiated with 750eV Ar+ ions at 60° before 







Figure 4.4 XPS results for Fe35Mn irradiated with 1000eV Ar+ ions at 60° before 







Figure 4.5 SEM images of Fe35Mn samples prior to irradiation (a) and irradiated 
with Ar+ ions at 60 degrees to fluences of 5E17 cm-2 at energies of 500eV (b), 750eV 




Irradiation with 1keV Ar+ ions resulted in the most homogeneous 





Table 4.1 Iron content in Fe35Mn surfaces from XPS results in atomic percent. Pre-
irradiation composition was 40.57% iron. 
Energy 2x1016 cm-2 5x1017 cm-2 
500eV 85.73% 90.42% 
750eV 90.69% 91.74% 





Figure 4.6 Contact angles of FeMn samples after irradiation compared to an 
unirradiated sample. 
 
The contact angle of the virgin sample was about 52°. After irradiation with 1keV 
Ar+ ions, the contact angle decreased slightly. The irradiation with the lower energy 
ions, on the other hand, resulted in an increase in the contact angle, which indicates 
a decrease in the surface wettability. This is likely due to the increased surface area 
























4.4  Discussion 
Prior to irradiation, the samples were ground to a rough finish of 600 grit. 
The higher energies resulted in more rapid sputtering of the manganese and oxygen, 
although the final compositions are statistically the same. Irradiation at all three 
energies produced nanoscale features on the surfaces. These features vary in size 
between the different energies of irradiation, as well as across each sample. 
Irradiation with 1keV Ar+ ions produced the least variation in feature size, with 
relatively uniform features about 500nm in length, while the 750eV Ar+ ions 
produced the most well-defined structures, varying in length from about 500nm to 
2µm. The SEM images reveal structures that appear to be pillar-like, with wide bases 
and narrow tips inclined at an oblique angle with respect to the surface normal. 
AFM is necessary in order to further characterize the shape and size of these 
structures. Irradiation with 1keV Ar+ ions resulted in a slight increase in wettability 
of the surface, while the lower energy irradiations decreased the wettability. The 
larger contact angles observed on the samples irradiated at 500eV and 750eV can be 
attributed to the increase in surface area.  
XPS was performed in situ, giving the compositions of the surfaces induced 
by irradiation without being exposed to atmosphere. The oxide layer was 
completely removed after irradiation, while the carbon was removed after a 
relatively low fluence of 2x1016cm-2, suggesting the carbon was simply a 
contaminant on the surface, while the oxide layer was several nanometers thick. The 
samples were exposed to atmosphere prior to SEM imaging and goniometry 
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analysis, however. Exposure to atmosphere would have resulted in formation of a 
new oxide layer on the iron surface, which may have affected the contact angle of 
the samples.  
These microscale features have the potential to influence cell adhesion and 
proliferation, as well as differentiation of stem cells. Nanopits on the surfaces of 
polymethylmethacrylate surfaces have been shown to have a similar effect on bone 
mineral formation by mesenchymal stem cells compared with cells treated with 
osteogenic media [36]. Well-ordered structures had little effect on adhesion and 
differentiation, while the random structures differentiated into osteoblastic 
morphologies after 14 days [36]. The less well-ordered structures produced at the 
lower energies of irradiation may therefore have a positive impact on bone 
mineralization, although it is unclear how this particular morphology will influence 
cell behavior compared with the nanopits examined by Dalby et al. [36].The changes 
in surface wettability may also influence cell behavior on the surface. The 
wettability of a surface can affect protein adsorption[85-87], which is an important 
factor in cell adhesion [88].   
 
4.5  Conclusions 
Through the use of ion beam irradiation, nanoscale surface features can be 
created on bulk iron-manganese alloys. Using argon ions at oblique angles of 
incidence between 500eV and 1keV, blade-like features were produced. The size of 
the features induced by 500eV and 750eV Ar+ ions was relatively non-uniform, with 
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features up to 2µm in length and nearly 1µm wide interspersed with features of only 
about 500nm in length. The 1keV Ar+ irradiation, by contrast, resulted in a relatively 





CHAPTER 5 EVOLUTION OF SURFACE OXIDE FORMATION ON Fe30Mn AND 
Ti6Al4V SURFACES THROUGH ACID-PEROXIDE TREATMENT 
 
5.1 Introduction 
One of the major concerns in the safety and efficacy of a metallic implant is 
the potential for stress corrosion cracking (SCC) [89]. Regardless of whether the 
implant is designed to be permanent or to degrade, SCC can lead to failure of the 
implant and damage to the surrounding tissue. The formation of corrosion pitting 
can contribute significantly to the problem of SCC. Pitting typically occurs when the 
passive film on the surface of a metal has a flaw or inhomogeneity, leading to the 
formation of a local anode at the site of the defect, as shown in Fig. 5.1a.. The 
surrounding passive film then becomes a cathode, resulting in localized galvanic 
corrosion. As the anode corrodes, ions dissolve from the site, forming a small pit 
filled with the dissolved metal cations (Fig. 5.1b.). Anions, e.g. Cl-, are attracted by 
the metal cations into the cavity. This in turn accelerates the localized corrosion, and 
the pit continues to deepen (Fig. 5.1c.), as the pit acts as a closed corrosion zone 
[90]. The existence of a deep pit in the surface of a metal can create a large stress 
concentration, leading to cracking and ultimately fracture and failure [91]. The best 
way to fight pitting in the surface is therefore to create a homogeneous surface 
layer, in order to prevent formation of local anodes Human body fluid contains 
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many corrosive ion species, including Cl- [92]. Stress corrosion cracking therefore is 
a major factor in the useful lifetime of an implant. 
 
 
Figure 5.1 Figure 5.1: Formation of corrosion pit in salt solution from surface defect 







Iron-manganese alloys are intriguing candidates for bioresorbable implant 
applications, and their degradation behavior must be carefully controlled in order to 
ensure uniform degradation at a rate that matches the healing of the affected tissue. 
Iron is low in the galvanic series, and is never found in nature in its metallic state. It 
is typically found as an oxide, oxhydroxide, or as a compound with elements such as 
carbon and sulfur [93]. The iron manganese surfaces, therefore, form a native oxide 
layer upon exposure to atmosphere after casting. This oxide layer provides a passive 
surface that prevents early degradation of the material upon exposure to corrosive 
fluids. Previous studies have shown that the early degradation of Fe20Mn surfaces is 
prevented by this iron-rich oxide layer, with little to no mass loss after 50 days of 
immersion in osteogenic medium [51]. 
The formation of a homogeneous surface layer can be formed through 
various methods, including chemical treatments, heat treatments, ion 
bombardment, and deposition of a passive film. Chemical treatment is an attractive 
method due to the availability of various acids and oxidizers, the ability to treat a 
large surface area in a short time period, and the relatively low cost of treatment. 
These chemical treatments can also be extended to Ti6Al4V surfaces in order to 
create rough surfaces that will improve cell adhesion and prevent micro-motion 
between the implant and the surrounding bone. The following chapter presents a 
study on the effects of acid-peroxide solutions on the surface chemistry and 
morphology of resorbable iron manganese surfaces and traditional Ti6Al4V alloy, 
and how these treatments affect the corrosion behavior of the metals. 
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5.2  Materials and Methods 
5.2.1 Fe30Mn Casting and Machining 
Fe30Mn was cast through vacuum induction melting (VIM). Small, irregular pieces 
of 99.9% pure Fe (Alfa Aesar, Ward Hill, MA) and 99.9% pure Mn (Alfa Aesar, Ward 
Hill, MA) were weighed out to 30% Mn, balance iron (Fe30Mn).The chamber was 
evacuated to a pressure of approximately 10-3 atm and purged three times with 
argon to reduce the oxygen content in the furnace. After the final purge, the 
chamber was back-filled with argon to minimize manganese vaporization. The alloy 
melted and poured into a cylindrical copper mold resting on a water-cooled copper 
plate to create an ingot 3.5 inches long with a diameter of 1 inch. The ingot was 
machined into 9.4 mm diameter discs with a thickness of 1.6 mm. Ti6Al4V rods 
were machined into the same geometry for comparison. After machining, the discs 
were ground to a rough finish of 600 grit, and cleaned in acetone. The Fe30Mn was 
stored in a desiccator to prevent oxidation of the surface.  
 
5.2.2  Chemical Treatments 
Prior to chemical treatment, the samples were ultrasonically cleaned with 
acetone and air dried. The samples were then exposed to 3:1 mixtures of 
acid:peroxide for time periods of 15 min, 1 hr, and 24hr for each of the three acids 
chosen. Hydrogen peroxide was chosen as a strong oxidizing agent. Treatment with 
hydrogen peroxide alone showed very little difference in the surface morphology of 
the Fe30Mn, so acid was chosen to increase the chemical activity of the solutions. All 
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acids were diluted to 0.1M, and the hydrogen peroxide concentration was 30%. The 
three acids used were nitric (HNO3), sulfuric (H2SO4), and phosphoric (H3PO4). The 
purpose behind using three different acids was to attempt to create different 
oxidation states on the metal surfaces. After exposure, the samples were triple 
rinsed in deionized water and air dried.  
Sulfuric acid mixed with hydrogen peroxide creates a volatile solution that 
can “eat through” organic matter, giving it the colloquial name “piranha solution.” 
The mixture undergoes the following reactions: 
 
𝐻𝐻2𝑆𝑆𝑂𝑂4 → 𝐻𝐻2𝑆𝑆𝑂𝑂5 + 𝐻𝐻2𝑂𝑂       Equation 5-1 
𝐻𝐻2𝑆𝑆𝑂𝑂4 → 𝐻𝐻3𝑂𝑂+ + 𝐻𝐻2𝑆𝑆𝑂𝑂4− + 𝑂𝑂      Equation 5-2 
 
The first reaction results in the formation of Caro’s Acid (H2SO5), one of the 
strongest oxidizers known. The second reaction results in the formation of reactive 
elemental oxygen. This oxygen can react with the sample being treated or combine 
to create oxygen gas, causing the solution to bubble as it reacts. One possible 
reaction product of iron immersed in this solution is ferrous sulfate, which is formed 
in the following reaction: 
 
𝐻𝐻2𝑆𝑆𝑂𝑂4 + 𝐹𝐹𝐹𝐹 → 𝐹𝐹𝐹𝐹𝑆𝑆𝑂𝑂4 + 𝐻𝐻2       Equation 5-3 
 
This reaction is commonly used to finish steels prior to plating. 
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Nitric acid and hydrogen peroxide solutions are commonly used in order to 
extract certain elements from soil. The addition of the nitric acid to the hydrogen 
peroxide increases the oxidation potential of the solution, accelerating the reaction: 
 
2𝐻𝐻2𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 + 𝑂𝑂2        Equation 5-4 
 
Phosphoric acid mixed with hydrogen peroxide is a common etchant for 
aluminum and certain semiconductors. 
 
5.2.3  Characterization 
Sample morphology was assessed with scanning electron microscopy (SEM). 
Surface composition was examined through energy dispersive x-ray spectroscopy 
(EDS). X-ray diffraction (XRD) was performed on a Bruker 8 with a GADDS area 
detector and a Cu Kα source in order to assess changes in the surface crystal 
structure and composition. The Ti6Al4V patterns were indexed based upon the 
literature [94]. The corrosion resistance of each treated sample was measured 
through linear polarization experiments in phosphate buffered saline (PBS) with a 






5.3  Results 
As a preliminary test, the FeMn samples were immersed in 30% H2O2 
solution for 15 minutes, 1 hour, and 24 hours. The hydrogen peroxide treatment 
resulted only in pitting of the FeMn surface, and the solution remained transparent 
and colorless. No oxide formation was visible.  
Immersion of the Ti6Al4V in all cases resulted in a slightly yellow, 
translucent solution with no visible precipitation. In the case of the iron manganese 
immersion, a thick black precipitate formed in the the phosphoric acid-hydrogen 
peroxide solution after 24 hours. The sulfuric acid-hydrogen peroxide immersion 
likewise resulted in precipitate formation, in this case a light-reddish brown color. 




















Figure 5.2 : Secondary electron images of hydrogen peroxide treated Fe30Mn after 













Figure 5.3 : Secondary electron images at 1000x (a-c) and 10000x (d-f) of 
phosphoric acid and hydrogen peroxide treated Fe30Mn after 15 min (a,b), 1 hour 














Figure 5.4 Secondary electron images at 1000x (a-c) and 10000x (d-f) of phosphoric 
















Figure 5.5 Secondary electron images at 1000x (a-c) and 10000x (d-f) of nitric acid 















Figure 5.6 : Secondary electron images at 1000x (a-c) and 10000x (d-f) of nitric acid 














Figure 5.7 : Secondary electron images at 1000x (a-c) and 10000x (d-f) of sulfuric 













Figure 5.8 Secondary electron images at 1000x (a-c) and 10000x (d-f) of sulfuric 










Table 5.1 EDS Results for Sulfuric Acid and Hydrogen Peroxide Treatment of FeMn 
(atomic %) 
Time C O Si Mn Fe S 
15 min 0 27.31 4.14 14.04 49.53 4.98 
1 hour 0 29.14 4.22 10.21 49.08 7.34 
24 hours 30.49 32.38 0.72 1.93 28.17 6.31 
 
Table 5.2 EDS Results for Nitric Acid and Hydrogen Peroxide Treatment of FeMn 
(atomic %) 
Time C O Si Mn Fe F 
15 min 0 20.97 6.74 18.69 53.60 0 
1 hour 24.85 16.22 6.31 13.08 34.86 4.61 
24 hours 0 31.65 5.42 3.08 59.84 0 
 
Table 5.3 EDS Results for Phosphoric Acid and Hydrogen Peroxide Treatment of 
FeMn(atomic %) 
Time C O Si Mn Fe P 
15 min 33.01 4.56 1.45 18.34 41.43 1.20 
1 hour 0 0 3.19 28.88 65.07 2.86 
24 hours 28.62 25.10 0 4.71 21.19 20.38 
 
Carbon is present on 4 of the 9 samples tested. However, the solutions used 
contained no more than trace amounts of carbon. Silicon was also detected in all but 
one of the iron manganese samples. The presence of these two components may be 
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due to silicon carbide from the grinding paper becoming embedded in the surface. 
This explanation does not account for the fact that very high concentrations of 
carbon were found in the 4 samples where carbon was present (25% or greater), 
while none was found in others. The silicon concentrations, on the other hand, are 
relatively low, under 7% in all cases. It is therefore more likely that the samples 
were contaminated during handling prior to EDS quantification. Carbon tape was 
used to adhere the samples to the SEM stubs and may contribute to the carbon 
contamination. 
 
Table 5.4 EDS Results for Sulfuric Acid and Hydrogen Peroxide Treatment of 
Ti6Al4V (atomic %) 
Time Ti Al V 
15 min 85.81 12.51 1.68 
1 hour 88.30 10.58 1.13 
24 hours 87.38 11.11 1.51 
 
Table 5.5 EDS Results for Nitric Acid and Hydrogen Peroxide Treatment of Ti6Al4V 
(atomic %) 
Time Ti Al V 
15 min 86.04 11.79 2.17 
1 hour 85.67 11.98 2.36 





Table 5.6 EDS Results for Phosphoric Acid and Hydrogen Peroxide Treatment of 
Ti6Al4V (atomic %) 
Time Ti Al V Si 
15 min 81.29 7.46 2.45 2.80 
1 hour 85.25 12.29 2.46 0 





Figure 5.9 XRD patterns of FeMn surfaces treated with hydrogen peroxide and 
sulfuric acid after 15 min (red), 1 hour (blue), and 24 hours (green). The untreated 
surface is shown in black 
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Prior to treatment, the only peaks visible in the FeMn patterns are those 
corresponding to the austenite phase. The composition of the alloy was 30 wt % 
manganese, which is sufficient to stabilize the austenite. Peaks corresponding to 
other phases are not visible in the patterns, however the FeMn patterns have a 
relatively low signal-to-noise ratio compared with the Ti6Al4V patterns. Cu Kα x-
rays induce fluorescence in iron atoms, hence the relatively low signal to noise ratio, 
compared with the titanium patterns shown in Figures 5.9-5.11. At the time of this 
experiment, access to a functioning Co source was not available and the XRD source 
used for this analysis was not outfitted with a filter to minimize the signal from the 
fluorescence. In the case of the FeMn samples treated with sulfuric acid, several new 
peaks are visible between 40° and 50° after 24 hours. These peaks correspond well 







Figure 5.10 XRD patterns of FeMn surfaces treated with hydrogen peroxide and 
phosphoric acid after 15 min (red), 1 hour (blue), and 24 hours (green). The 
untreated surface is shown in black 
 
After 15 minutes in phosphoric acid and peroxide, the relative intensities of the 
austenite peaks change slightly, with the peak at 49° increasing in intensity with 
respect to the peak at 43°. New peaks begin to emerge at 44° after 15 minutes, but 
disappear after 24 hours, leaving a broad, wide peak between 40° and 48°, 
suggesting an amorphous layer at the surface. A tall, sharp peak is visible at 74.5°, 




Figure 5.11 XRD patterns of FeMn surfaces treated with hydrogen peroxide and 
nitric acid after 15 min (red), 1 hour (blue), and 24 hours (green). The untreated 





Figure 5.12 XRD patterns of Ti6Al4V surfaces treated with hydrogen peroxide and 
sulfuric acid after 15 min (red), 1 hour (blue) and 24 hours (green). The untreated 
surface is shown in black 
 
In the case of Ti6Al4V, after treatment with sulfuric acid and hydrogen 
peroxide, the (002)-α, (102)-α, and (103)-α/(211)-β peaks become weaker until 
they are no longer visible in the pattern after 24 hours. The intensity of the first 
(100) peak, on the other hand, increases significantly. A new β-phase peak is visible 
after 15 minutes, but does not appear in any of the other patterns. It is possible that 
this particular specimen had significantly more β-phase present than the other 




Figure 5.13 XRD patterns of Ti6Al4V surfaces treated with hydrogen peroxide and 
phosphoric acid after 15 min (red), 1 hour (blue) and 24 hours (green). The 
untreated surface is shown in black 
 
 The intensity of these same peaks in the phosphoric acid-treated Ti6Al4V samples 
likewise decreased after 24 hours, the intensity of the first (100) peak increased, 
and a new peak is visible at 39.45°, representing the (002) reflection of the β phase. 
Again, this peak is not visible in any of the other samples treated with phosphoric 
acid Similarly, the intensity of the (002), (102), and (110)-α peaks diminished after 





Figure 5.14 XRD patterns of Ti6Al4V surfaces treated with hydrogen peroxide and 
nitric acid after 15 min (red), 1 hour (blue) and 24 hours (green). The untreated 










Figure 5.15 Linear polarization results for FeMn samples in phosphate buffered 
saline at 37°C after treatment with hydrogen peroxide and (a) nitric acid, (b) 
phosphoric acid, and (c) sulfuric acid. The unmodified sample is shown in each plot 
in black, and samples treated for 15 minutes, 1 hour, and 24 hours are shown in red, 





Treatment in nitritc acid and hydrogen peroxide had very little effect on the open 
circuit potential of the FeMn surfaces after treatment for 15 min and 1 hour. 





open circuit potential, while treatment in sulfuric acid decreased the open circuit 





Figure 5.16 Linear polarization results for Ti6Al4V samples in phosphate buffered 
saline at 37°C after treatment with hydrogen peroxide and (a) nitric acid, (b) 
phosphoric acid, and (c) sulfuric acid. The unmodified sample is shown in each plot 
in black, and samples treated for 15 minutes, 1 hour, and 24 hours are shown in red, 









Table 5.7 Corrosion rates of FeMn samples in phosphate buffered saline at 37°C. 
Sample Ecorr (mV) icorr (A/cm2) Average CR 
(mm/yr) 
Cast FeMn -591.418 10.083 0.1285 
15 min HNO3 -605.813 20.53 0.2616 
1 hr HNO3 -597.84 8.815 0.1123 
15 min H3PO4 -533.242 36.78 0.4687 
1 hr H3PO4 -575.682 65.207 0.8309 
15 min H2SO4 -587.932 34.671 0.4418 
1 hr H2SO4 -598.973 42.478 0.5413 
24 hrs H2SO4 -678.587 46.819 0.5966 
 
The as-cast structure featured a corrosion rate of 0.1285 mm/yr. In all treated 
samples with the exception of nitric acid after 1 hour, this corrosion rate increased 
significantly. It was not possible to test the sample treated in phosphoric acid after 









Table 5.8 Corrosion rates of Ti6Al4V samples in phosphate buffered saline at 37°C 






-345.168 4.47 0.0305 
15 min HNO3 -275.046 4.701 0.0320 
1 hr HNO3 -233.279 2.967 0.0202 
24 hrs HNO3 -280.754 3.81 0.0260 
15 min H3PO4 -380.746 4.618 0.0315 
1 hr H3PO4 -371.235 4.386 0.0299 
24 hrs H3PO4 -370.839 8.852 0.0603 
15 min H2SO4 -358.877 11.191 0.0763 
1 hr H2SO4 -376.933 4.701 0.0300 
24 hrs H2SO4 -378.121 12.891 0.0878 
 
5.4 Discussion 
Hydrogen peroxide treatment without the aid of an acid results in very little 
change in the overall surface morphology, with the exception of pit formation, as 
shown in Figure 5.3. It was necessary to add acid to the solution in order to etch the 
surface, while simultaneously oxidizing with hydrogen peroxide in order to oxidize 




5.4.1  Oxide Composition and Morphology 
After immersion in the acid-hydrogen peroxide solutions, the iron 
manganese samples react immediately. As shown in Figure 5.4, the phosphoric acid 
solution begins to etch the surface after 15 minutes, preferentially attacking the 
inner dendritic liquid. The higher magnification images of the inner dendritic liquid 
reveal the formation of very small pores. The surface morphology is similar after 1 
hour. However, after 24 hours, the entire surface suffers chemical attack. The pores 
have increased in diameter by an order of magnitude and become interconnected. 
After treatment with phosphoric acid and hydrogen peroxide, a black oxide forms 
on the surface of the Fe30Mn. After 24 hours, the phosphoric acid-hydrogen 
peroxide solution in which the FeMn sample was immersed became a thick black 
sludge. The black color and low solubility of the oxide suggests it is primarily 
composed of iron (II,III) oxide (Fe3O4) or iron(II) oxide (FeO). After 24 hours in the 
solution, the Fe30Mn disc experienced significant mass loss and became extremely 
brittle and difficult to handle. Further testing was not done on this sample. The 
Ti6Al4V sample, on the other hand, held up well to the phosphoric acid-hydrogen 
peroxide treatment. The phosphoric acid-hydrogen peroxide solution used to treat 
the Ti6Al4V samples turned slightly yellow, but remained transparent. No difference 
between the initial sample and the treated samples was visible with the eye, 
however, SEM images revealed significant etching of the grain boundaries and 
pitting after 24 hours in solution. Initial immersion resulted in significant attack of 
the surface, while the sample removed from solution after 1 hour shows a much 
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smoother surface. Possible reasons for this difference could be a difference in the 
initial surface condition of the two samples (the 15 min sample may have been 
rougher initially), or a smoothing effect could take place beyond 15 minutes of 
immersion. It is most likely that this difference is caused by a rougher sample being 
used for the 15 minute time point. The roughness of this surface likely resulted in 
localized corrosion, thus resulting in the more degraded appearance of this sample.  
 The nitric acid-hydrogen peroxide solution treatment of the Fe30Mn resulted 
in a cracked oxide formation within 15 minutes of immersion. This oxide became 
flaky after 1 hour. After 24 hours, the solution in which the iron samples were 
immersed turned a bright red color, but remained clear. This color is indicative of 
iron (III) oxide (Fe2O3), which is soluble in dilute acid solutions. 
 After treatment with piranha solution, the iron manganese surface again 
begins to degrade after just 15 minutes. In contrast with the nitric acid-hydrogen 
peroxide solution, the surface appears relatively uniform, and no cracking of the 
oxides was observed until 24 hours. After 24 hours, a light brown precipitate forms 
in the piranha solution used to treat the iron manganese. This color is indicative of 
FeOOH. After 24 hours, the new peaks visible in the XRD pattern correspond with α-
FeOOH, and the surface morphology is similar to natural goethite observed by 
Webster et al. [95]. The Ti6Al4V sample appears much the same after initial 
immersion, however it can be seen after 1 hour that certain grains have begun to 
degrade. After 24 hours, the surface appears rough and porous from chemical 
attack, although no difference was observed in the samples with the naked eye. 
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 While the phosphoric acid-hydrogen peroxide solution appears to attack 
grain boundaries, it appears that the nitric acid and sulfuric acid mixed with 
hydrogen peroxide preferentially attack certain grains. The (211) peak due to the β-
phase diminishes significantly after treatment in sulfuric acid and peroxide, almost 
completely disappearing after 24 hours, as shown in Figure 5.12. The (002) peak of 
the α-phase likewise nearly disappears after 24 hours. The (002) is a basal plane in 
hcp titanium, with a close-packed structure. The higher etching rate of the (002)-α 
orientation versus the (100)-α orientation, which represents a prismatic plane, is 
likely due to the higher electron transfer rate of the close-packed plane [96]. This 
preferential etching of the β-phase and close-packed orientations of the α-phase 
results in the formation of pores on the surface, as grains of specific orientations are 
removed. The pores are on the order of 1 µm in diameter. This has numerous 
implications for the treatment of titanium implants, with the potential to create 
rough surfaces that will prevent micromotion at the bone-metal interface and pores 
to encourage bone ingrowth into the implant surface. The SEM image in Figure 5.6 
shows a similar morphology formed by the nitric acid-peroxide solution on the 
Ti6Al4V surface after 24 hours. Here again, the XRD patterns reveal the preferential 
etching of the basal and pyramidal planes over the more acid-resistant prismatic 
planes. The mixture of the nitric acid with the peroxide results in a much less 
volatile solution than sulfuric acid + hydrogen peroxide, which may be 
advantageous for future surface treatments of Ti6Al4V, as it would eliminate the 
need for the sulfuric acid-peroxide solution in order to obtain this morphology. The 
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sulfuric acid treatment also resulted in more significant preferential etching of the 
vanadium rich β-phase, as evidenced by the XRD patterns and EDS data.  
 The differences in the behavior of the Fe30Mn versus the Ti6Al4V under 
treatment with acid and hydrogen peroxide solutions is a result both of the surface 
chemistry of the samples and the differences in their microstructures. It is unknown 
whether the Ti6Al4V was cold-worked and/or heat treated by the manufacturer. 
What is clear is that the grains of the Ti6Al4V were smaller and more uniform than 
the Fe30Mn. The Fe30Mn was used as-cast, with no further processing done on the 
samples. The chemical treatments on the Fe30Mn would almost certainly result in 
different morphologies had the alloy been processed prior to treatment.  
 
5.4.2 Corrosion Behavior 
The corrosion rate of the material can be calculated using the relation 
 
Corrosion Rate (mm/year)=3.27 X 103 𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐×𝐸𝐸𝐸𝐸
𝐷𝐷
    Equation 5-5 
 
where icorr is the corrosion current density (A/cm2), D is the sample standard 
density (g/cm3), and EW is the equivalent weight based on the composition of the 
alloying elements. The corrosion current density can be approximated by 
performing a Tafel fit using EC-Lab software. 
Treatment with the piranha solution increased the corrosion rate of the 
Ti6Al4V surfaces after 15 minutes and 24 hours of treatment. This could be due to a 
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chemical change in the surface, coupled with the increased surface area created by 
the formation of the pores. However, the opposite was seen in the case of the nitric 
acid-hydrogen peroxide treatment, which exhibited a very similar morphology; after 
1 hour and 24 hours, the corrosion rate of the Ti6Al4V decreased, in spite of the 
formation of the porous surface. The vanadium concentration decreased after 
treatment with sulfuric acid, which may contribute to the decreased corrosion 
resistance of the piranha treated surfaces, however the sample treated for 1 hour 
exhibited the lowest concentration of vanadium and the lowest corrosion rate of the 
sulfuric-acid treated samples. The phosphoric acid treatment had little effect on the 
Ti6Al4V corrosion rate after 15 minutes and 1 hour, however the corrosion rate of 
the sample treated for 24 hours was nearly double that of the control. The EDS 
showed very little compositional change between 1 hour and 24 hours. It is likely, 
therefore, that the increased corrosion rate is due to the increased surface area of 
the sample treated for 24 hours. 
 
5.5 Conclusions 
The advantages to chemical treatment as a means of surface modification of 
metal alloys are the relatively low expense and simplicity, as well as the short time-
frames needed to alter the surface chemistry and morphology. The major 
disadvantages are the inherent dangers of the chemicals to the experimenter, and 
the generation of hazardous waste. These risks can be mitigated through proper 
safety protocols. If implants are treated with harsh chemicals, they must be 
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thoroughly cleaned in order to remove all traces of the acids, or serious damage to 
local tissue could result. 
While the phosphoric acid-hydrogen peroxide treatment was successful in 
creating a porous oxide layer on the surface of the Fe30Mn sample, this oxide layer 
was very flaky and unstable after 24 hours. The pores after 24 hours of treatment 
would be large enough for ingrowth of bone marrow stromal cells, however the 
sample was extremely delicate and would not be viable for implantation. The pores 
formed after 1 hour would not be large enough for cell ingrowth. Modification of the 
time of immersion or the chemical composition of the treatment might aid in the 
production of a stable porous oxide with phosphoric acid treatment. Treatment of 
the titanium samples with both the nitric acid solution and the sulfuric acid solution 
resulted in the formation of micron-scale pores on the surface after 24 hours. This is 
likely due to the preferential attack of the vanadium-rich bcc β-phase [52], and the 
more reactive basal and pyramidal orientations of the hcp α-phase of Ti6Al4V 
compared with the prismatic planes. In the case of the samples treated with sulfuric 
acid, this corresponded with a decrease in the corrosion resistance of the sample. 
The samples treated with nitric acid, on the other hand, showed no appreciable 
change in the corrosion rate, and the concentration of vanadium in the surface did 
not change within experimental uncertainty, while the concentration of vanadium in 
the sulfuric-acid treated samples decreased significantly.  
As predicted, the treatment of the iron manganese samples with different 
acid-peroxide solutions resulted in the formation of various iron oxides and iron 
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oxyhydroxides on their surfaces. These surface oxide layers, however, were very 
unstable, flaking off with even gentle handling. The sample treated with sulfuric acid 
appears to be covered in α-FeOOH, while the sample treated with nitric acid likely 
formed an amorphous Fe2O3 coating, and the sample treated with phosphoric acid is 




CHAPTER 6 FINAL COMMENTS AND RECOMMENDATIONS FOR FUTURE WORK 
 
6.1  Blood Compatibility of Resorbable Metals 
The in vitro thrombogenicity assessment of the Fe35Mn showed relatively 
good blood compatibility compared with traditional 316L stainless steel, however 
there are many limitations to the in vitro model. Endothelialization, which typically 
takes place rapidly after insertion of an implant, does not take place in an in vitro 
model. In vivo tests are necessary in order to properly assess the full 
hemocompatibility of these materials. Further, these materials were only assessed 
for a short period of exposure. The in vivo studies should look at thrombogenic 
behavior over the lifetime of the implant in order to ensure continuing blood 
compatibility, especially during degradation of the materials. Due to the similarity of 
the vascular systems of humans and pigs, a porcine model would be an ideal 
preliminary test, with one or more Fe35Mn stents inserted into each animal in the 
test group, and with animals stented with traditional Nitinol or 316L stents as a 
control group. A sample of animals would be sacrificed at various time points, 
spanning from shortly after insertion to after complete degradation of the stent. 
This would also aid in assessing whether the radial strength of the stents is 
adequate to prevent early recoil of the vessel as it begins to degrade. The levels of 
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iron and manganese in the animals’ blood should be carefully monitored to ensure 
degradation does not lead to the build-up of toxic levels of metal ions. Post mortem 
examinations of the stented vessels will allow the surgeons to assess whether the 
stent caused appreciable tissue damage, restenosis, or thrombogenesis, and 
whether adequate endothelialization occurred after implantation. 
 
6.2  Irradiation of Noble Metal Thin Films 
Due to the initial rough nature of the deposited gold and palladium films on 
the surfaces of the silicon wafers, formation of nanoscale features through ion beam 
irradiation was not successful. In order to make this technique viable for creation of 
nanoscale features on the surfaces of inert biomaterials, a more reliable method for 
deposition of smooth films must be determined. The films were fabricated through 
electron beam deposition. Initially, the Si substrates were first coated in Ni in order 
to render them magnetic, and then capped with gold. This may have contributed to 
their overall roughness. After the nickel deposition was excluded, the films were still 
fairly rough. A more reliable technique is therefore necessary in order to create 
initially smooth gold surfaces.  
 During cell culture, the gold films delaminated from the Si substrate after 
immersion in cell culture media. It is therefore also necessary to ensure good 
adhesion of the gold films to the substrates prior to cell tests. An adhesion layer of 
chromium was employed, but chromium metal is cytotoxic and this adhesion layer 
proved inadequate in preventing delamination. Therefore, in order to make 
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nanopatterned gold films a viable coating for bioactive stents, a reliable adhesion 
method must be found.  
 
6.3  Irradiation of Silicon Wafers 
 Ion beam irradiation of Si(100) wafers with argon ions produced nanoscale 
features, including dots for near-normal incidence and ripples for oblique incidence. 
Based upon previous studies in the literature, it seems pattern formation on ultra-
high purity silicon is not possible; the presence of a small concentration of metal 
impurities, such as iron, is necessary to produce patterns on pure silicon surfaces. 
The silicon used in this study had a sufficient concentration of metal impurities to 
induce pattern formation on the surface. This impurity-driven patterning is 
especially evident from the SEM images, where more regular, ordered structures are 
shown near adsorbed particles on the surfaces of the Si(100) wafers. Uniform 
patterning of silicon wafers is possible by deposition of an ultrathin thin film of gold 
prior to low-energy argon ion beam irradiation [97]. The gold mixes with the silicon 
at the surface during early bombardment and is eventually eliminated through 
preferential sputtering after fluences on the order of 4E17cm-2 [97]. This process 
has been shown to create islands of about 11-14nm in diameter [97]. Similarly, 
ultrathin films of Ni and Fe deposited on Si prior to irradiation also aid in the 
production of these nanoscale features, however complete smoothing of the samples 




6.4  Fe35Mn Irradiation 
The ion beam irradiation of the Fe35Mn surfaces showed much promise in 
terms of nanostructure formation on the surface. Nanoscale features were created 
on the surfaces of FeMn irradiated with Ar+ ions for energies between 500eV and 
1keV. Further characterization of these surfaces with AFM is necessary in order to 
accurately determine the average size and three-dimensional shape of these 
features, as SEM is limited to two-dimensional information. A thorough analysis of 
the corrosion behavior of these irradiated materials is also necessary in order to 
determine whether the enrichment of iron at the surface will alter the early 
degradation rate of the alloy. It must also be determined whether the geometry of 
these features will contribute to localized corrosion, where the valleys between 
features may behave like crevices, leading to galvanic corrosion of the surface in 
these areas.  
How these structures would affect cell behavior is still unknown. Cytotoxicity 
and cell metabolism studies with endothelial cells and bone marrow stromal cells 
are recommended in order to determine whether the structures will positively 
influence endothelialization, adhesion, and differentiation into osteoblasts. Previous 
work in our group has shown that bone marrow stromal cells adhere better to 
rougher surfaces induced by mechanical polishing and orient themselves along the 
direction of the grooves. It is necessary to perform similar studies with the 
irradiated surfaces in order to examine cell adhesion and morphology on these 
surfaces compared with both the ground surfaces and very smooth surfaces. The 
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ions used in this study were inert Ar+ ions. The influence of oxygen ions would be 
interesting to examine, as not only would the ions have the potential to alter the 
surface morphology and composition, they could also be used to form uniform 
oxides on the surface, in order to control the early degradation behavior of the 
implant.  
 
6.5  Chemical Oxidation of FeMn and Ti6Al4V Surfaces 
The chemical treatments showed some promise, especially with regard to the 
Ti6Al4V. Rough, porous surfaces were prepared using solutions of nitric acid-
hydrogen peroxide and sulfuric acid-hydrogen peroxide. The chemistry and 
exposure times could be further tailored in order to develop specific surface 
characteristics. The iron manganese samples might have behaved differently after 
treatment if they initially had a more homogeneous microstructure; heat treatments 
and cold working processes might improve the microstructural characteristics, 
resulting in more uniform attack of the FeMn surfaces. While the phosphoric acid 
treatment was successful in inducing porosity on the surface of the FeMn alloy, the 
sample became extremely brittle after treatment and would not be a good candidate 
for implantation. This porosity also did not cover the entire surface of the sample. A 
more thorough study using more homogeneous samples, modified exposure times, 
and various chemical concentrations is necessary in order to produce pores of ideal 
size without compromising the mechanical integrity of the sample. A systematic 
study using varying concentrations of acid, different ratios of acid to peroxide, and 
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multiple exposure times between 1 hour and 24 hours is recommended. The 
composition of the resultant surfaces can be determined using XRD, although it is 
recommended to use a Co source or a Cu source with a monochromator to eliminate 
fluorescence photons.  
 After chemical treatment with acid-peroxide solutions, the Ti6Al4V surfaces 
exhibited preferential etching of particular grain orientations, with the exception of 
phosphoric acid treatment. The phosphoric acid-hydrogen peroxide solution etched 
the grain boundaries only. The nitric acid and sulfuric acid treatments, on the other 
hand, etched away specific grain orientations. The basal and pyramidal orientations 
appear to have been etched more strongly than the prismatic orientations. This 
resulted in a porous surface on the Ti6Al4V. The porous surface created through 
nitric acid and peroxide treatment exhibited similar corrosion behavior to the as-
manufactured sample, while the corrosion resistance decreased after sulfuric acid 
and peroxide treatment at the same time point. Previous work by Variola et al. 
showed that porous surfaces created through controlled chemical oxidation with 
H2O2 and H2SO4 inhibited fibroblast growth and stimulated osteoblast proliferation 
[52]. It is unclear whether the nitric acid-treated surface would have a similar effect 
on osteoblast growth, although it is likely given the similarity of their morphologies. 
Further, these surfaces may have an impact on the differentiation of bone-
progenitor cells, although this has not yet been explored. A thorough study on bone 
marrow stromal cell growth, adhesion, and mineralization on the porous surfaces 
created through controlled chemical oxidation compared with ground and smooth-
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polished Ti6Al4V surfaces is recommended to determine the utility of these 
chemical treatments. This can be examined through fluorescence microscopy, using 
cytoskeletal, nucleic, and actin dyes and through scanning electron microscopy in 
order to compare cell coverage and mineralization.  
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